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REMARKS 

In view of the above amendments and the following remarks, reconsideration 
of the outstanding office action is respectfully requested. Pursuant to 37 CFR § 1.121, 
attached as an appendix is a version of the amendments with markings to show changes that 
have been made. 

Interactions between bacterial pathogens and their plant hosts generally fall 
into two categories: (1) compatible (pathogen-host), leading to intercellular bacterial growth, 
symptom development, and disease development in the host plant; and (2) incompatible 
(pathogen-nonhost), resulting in the hypersensitive response, a particular type of 
incompatible interaction occurring, without progressive disease symptoms. During 
compatible interactions on host plants, bacterial populations increase dramatically and 
progressive symptoms occur. During incompatible interactions, bacterial populations do not 
increase, and progressive symptoms do not occur. 

The hypersensitive response is a rapid, localized necrosis that is associated 
with the active defense of plants against many pathogens. The hypersensitive response 
elicited by bacteria is readily observed as a tissue collapse if high concentrations (> 10 7 
cells/ml) of a limited host-range pathogen like Pseudomonas syringae or Erwinia amylovora 
are infiltrated into the leaves of nonhost plants (necrosis occurs only in isolated plant cells at 
lower levels of inoculum). The capacities to elicit the hypersensitive response in a nonhost 
and be pathogenic in a host appear linked. As noted by Klement, Z., "Hypersensitivity," 
pages 149-177 in Phytopathogenic Prokaryotes , Vol. 2., M.S. Mount and G.H. Lacy, ed. 
Academic Press, New York, these pathogens also cause physiologically similar, albeit 
delayed, necroses in their interactions with compatible hosts. Furthermore, the ability to 
produce the hypersensitive response or pathogenesis is dependent on a common set of genes, 
denoted hrp. Consequently, the hypersensitive response may hold clues to both the nature of 
plant defense and the basis for bacterial pathogenicity. 

The hrp genes are widespread in gram-negative plant pathogens, where they 
are clustered, conserved, and in some cases interchangeable. Several hrp genes encode 
components of a protein secretion pathway similar to one used by Yersinia, Shigella, and 
Salmonella spp. to secrete proteins essential in animal diseases. In E. amylovora, P. 
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syringae, and P. solanacearum, hrp genes have been shown to control the production and 
secretion of glycine-rich, protein elicitors of the hypersensitive response. 

The first of these proteins was discovered in E. amylovora Ea321, a bacterium 
that causes fire blight of rosaceous plants, and was designated harpin. Mutations in the 
encoding hrpNgmc revealed that harpin is required for E. amylovora to elicit a 
hypersensitive response in nonhost tobacco leaves and incite disease symptoms in highly 
susceptible pear fruit. The P. solanacearum GMI1000 PopAl protein has similar physical 
properties and also elicits the hypersensitive response in leaves of tobacco, which is not a 
host of that strain. However, P. solanacearum popA mutants still elicit the hypersensitive 
response in tobacco and incite disease in tomato. Thus, the role of these glycine-rich 
hypersensitive response elicitors can vary widely among gram-negative plant pathogens. 

Other plant pathogenic hypersensitive response elicitors have been isolated, 
cloned, and sequenced. These include: Erwinia chrysanthemi, Erwinia carotovora, Erwinia 
stewartii, and Pseudomonas syringae pv. syringae. 

The present invention is a further advance in the effort to identify, clone, and 
sequence hypersensitive response elicitor proteins or polypeptides from plant pathogens. 

In response to the statement on page 2 of the outstanding office action that the 
drawings were objected to, applicants note that a form PTO 948 did not, in fact, accompany 
the office action. (The appropriate box on the office action summary was not checked 
either.) Therefore, applicants cannot meaningfully respond to the statement on page 2. 

The title has been changed, thereby overcoming this objection to the 
application. This objection, too, should be withdrawn. 

The rejection of claims 1-16 and 29-31 under 35 U.S.C. § 1 12, first paragraph, 
for lack of enablement is rendered moot with respect to claims 11-16 and 29-31 (cancelled 
without prejudice) and respectfully traversed with respect to claims 1-10. 

Applicants have amended claim 1 to recite the hybridization conditions under 
which a claimed DNA molecule will hybridize to the complement of SEQ. ID. No. 1. 
Applicants submit that one of ordinary skill in the art can readily perform hybridization 
protocols using the recited conditions or comparable conditions modified according to one or 
more known factors affecting hybridization (i.e., Na + concentration, temperature, probe size, 
formamide concentration, etc.). 
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The invention of claim 1 recites an "isolated DNA molecule encoding a 
hypersensitive response eliciting protein or polypeptide." The HR phenomena results from 
an incompatible interaction between pathogens and their non-host plants. As explained in 
Gopalan, et. al., "Bacterial Genes Involved in the Elicitation of Hypersensitive Response and 
Pathogenesis," Plant Disease 80: 604-10 (1996)("Gopalan") (attached hereto as Exhibit 1), 
this interaction involves a bacterium attempting to infect a host plant, preventing 
multiplication and spreading of the pathogen, and collapse of plant leaf cells and cell death at 
the site of infection. This is distinct from a compatible interaction between bacteria and a 
plant where the bacteria spread in the infected plant, leading to disease symptoms throughout 
the plant. Id. at 604. Thus, if the protein or polypeptide encoded by the DNA molecule does 
not elicit a hypersensitive response (i.e., incompatible interaction) when exposed to non-host 
plants, the encoded protein or polypeptide does not satisfy the limitations of the claimed 
invention. To determine whether or not a particular protein elicits a hypersensitive response 
in non-host plants, the protein or polypeptide is applied directly to the plant leaves (see 
Examples 7 and 14, and Fig. 5 A of the present application). 

Contrary to the PTO assertion that the present application does not "teach the 
specific function of the instant gene", applicants submit that the present application defines a 
function of the present gene as well as characteristics which are shared among the HrpW 
protein of the present invention (encoded by claimed DNA molecule of SEQ. ID. No. 1) and 
other known hypersensitive response elicitors. Beginning at page 27, line 21, it is noted that 
the HrpW protein is acidic, hydrophilic, glycine-rich, and lacking in cysteine. Moreover, in 
Example 14, it is reported that the HrpW protein is heat-stable, protease sensitive, and 
capable of eliciting an HR in tobacco, violet, geranium, tomato, Kalanchoe diagremontiana, 
and Arabidopsis thaliana leaves. 

It is well recognized in the art that hypersensitive response elicitors have a 
number of common characteristics. These include their being glycine rich, heat stable, 
hydrophilic, capable of inducing a hypersensitive response in tobacco after recombinant 
expression, susceptible to proteolysis, and cysteine lacking. See U. Bonas, "Bacterial Home 
Goal by Harpins," Trends Microbiol. 2: 1-2 (1994)("Bonas I"), attached hereto at Exhibit 2; 
U. Bonas, "hrp Genes of Phytopathogneic Bacteria," Current Topics in Microbiology and 
Immunology 192: 79-98 (1994)("Bonas II"), attached hereto as Exhibit 3; and G. Preston, et. 
al., "The HrpZ Proteins of Pseudomonas syringae pvs. syringae, glycinea, and tomato are 
Encoded by an Operon Containing Yersinia ysc Homologs and Elicit the Hypersensitive 
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Response in Tomato but not Soybean," MPMI 8(5): 717-32 (1995)("Preston"), attached 
hereto as Exhibit 4. 

Moreover, using a 1 .4 kb DNA molecule containing SEQ. ID. No. 1 as a probe 
for high and low stringency Southern hybridization genomic DNA from representative 
Erwinina pathogens, the hrpW probe hybridized to genomic DNA from 10 strains of Erwinia 
amylovora, and other species of Erwinia including E. salicis and E. caratovora (Example 10 
and Fig. 6). Hybridization was also observed with a clone from E. chrysanthemi (Id.) . 

Thus, one of ordinary skill in the art would be fully able to perform a 
hybridization experiment using the DNA molecule of SEQ. ID. No. 1, and one of ordinary 
skill in the art would be fully able to prepare the encoded protein and determine whether the 
encoded protein does, in fact, elicit a hypersensitive response. 

For all of the above reasons, applicants submit that the rejection of claims 1-10 
under 35 U.S.C. § 1 12, first paragraph, for lack of enablement should be withdrawn. 

The rejection of claims 1-16 and 29-31 under 35 U.S.C. § 1 12, first paragraph, 
for lack of written descriptive support is rendered moot with respect to claims 11-16 and 29- 
31 (cancelled without prejudice) and respectfully traversed with respect to claims 1-10. 

Pursuant to the "Guidelines for Examination of Patent Applications Under the 
35 U.S.C. § 1 12, % 1, 'Written Description' Requirement," 66 Fed. Reg. 1099, 1 106 (2001), 
the written description requirement for a genus can be satisfied by "sufficient description of a 
representative number of species by actual reduction to practice. . .or by disclosure of relevant 
identifying characteristics, i.e., structure or other physical and/or chemical properties, by 
functional characteristics coupled with a known or disclosed correlation between structure 
and function, or by a combination of such identifying characteristics. ..." Whether a 
representative number of species is identified depends on whether the disclosed species 
represent(s) the entire genus. Id. Applicants submit that these requirements are satisfied by 
the present application. 

In particular, applicants have identified a single representative species which 
possess the nucleotide sequence of SEQ. ID. No. 1 and encodes the protein of SEQ. ID. 
No. 2. The HR elicitor protein encoded by this representative species (from Erwinia 
amylovora strain Ea321) is defined in the present application as possessing the following 
properties: a molecular mass of about 45 kDa (page 9, line 14, which is amended above); an 
amino acid sequence which is acidic, glycine-rich, and lacks cysteine (page 9, lines 11-14, 
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which is amended above; Example 1 1); heat-stability, protease sensitivity, and capability of 
eliciting an HR in tobacco leaves (page 9, lines 11-14, which is amended above; 
Example 14); and a C-terminal homology to Pel domains but lacking Pel activity (Examples 
10 and 11). 

As noted above, it is well established that hypersensitive response elicitors as 
a class possess similar characteristics, including heat stability, protease sensitivity, high 
glycine content, substantially no cysteine, etc. as described above (see Bonas I, Bonas II, and 
Preston). The representative species disclosed in the present application shares these 
characteristics with other members of the larger class of HR elicitors. Moreover, as noted 
above, using a DNA molecule of SEQ. ID. No. 1 as a probe for hybridization, the probe 
hybridized to at least one distinct band for a number of Erwinia amylovora strains, as well as 
several other species of Erwinia (Example 17). Applicants indicated that these hybridization 
results are significant, because they suggest that HrpW exists in several other Erwinia 
species, suggesting a role for HrpW in pathogenesis (see page 30, lines 26-30). Thus, 
applicants demonstrated that the single demonstrated species possesses a combination of 
identifying characteristics which are representative of the protein encoded by DNA molecules 
of the presently claimed genus. Moreover, the demonstration of hybridization with DNA 
from other pathogens indicates that hrpWis conserved at least among various pathogenic 
Erwinia species. One of ordinary skill in the art clearly would recognize that applicants were 
in possession of the presently claimed genus. 

The PTO has provided no evidentiary basis to believe that the single disclosed 
species is not representative of the claimed genus and, therefore, the rejection of claims 1-10 
for lack of written descriptive support should be withdrawn. 

The rejection of claims 1-16 and 29-31 under 35 U.S.C. § 1 12 (second 
paragraph) for indefiniteness is rendered moot with respect to claims 11-16 and 29-3 1 
(cancelled without prejudice) and respectfully traversed with respect to claims 1-10. 

The rejection of claims 1-10 under 35 U.S.C. § 102(a) as being anticipated by 
either Kim et al., "Hrp-secreted proteins and avirulence protein homologs of Erwinia 
amylovora? Phytopathol . 87:S52 (1997) ("Kim I") or Kim et al., "HrpW, A New Harpin of 
Erwinia amylovora, is a Member of a Family of Pectate Lyases, " Phytopathol . 87:S52 (1997) 
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("Kim II") is respectfully traversed. (Because it is unclear whether the PTO is citing to Kim I 
or Kim II in making the rejection, applicants have addressed them both below.) 

Kim I simply identifies the genomic location of the Erwinia amylovora hrpW 
gene as being between the hrp region and the dsp region. Kim I does not disclose how one of 
ordinary skill in the art would go about isolating the hrp W gene let alone its nucleic acid 
sequence (e.g., SEQ. ID. No. 1). Therefore, Kim I cannot have anticipated the presently 
claimed invention. 

Kim II reports the identification of the hrpW gene in Erwinia amylovora and 
the fact that the HrpW protein shares the common features shared by other hypersensitive 
response elicitors and appears to be conserved among Erwinia. Kim II also reports the 
unique property of the HrpW homology to pectate lyases, although acknowledging that 
HrpW does not possess such activity. No sequence data was reported. 

As provided in the accompanying Declaration of Steven V. Beer Under 37 
C.F.R. § 1 . 1 32, Dr. Beer states that contributions made by Ms. Zumoff to the Kim II 
publication involved her role as a lab technician flf 4). Ms. Zumoff did not provide any 
contribution to the conception of the invention as described and claimed in the above- 
identified application (Id.) . Thus, Kim II is not available as prior art under 35 U.S.C. 102(a). 
See InreKatz , 687 F.2d 450 (Fed. Cir. 1982). 

For all of the above reasons, the rejection of claims 1-10 over either Kim I or 
Kim II is improper and should be withdrawn. 

The rejection of claims 1-16 and 29-31 under 35 U.S.C. § 102(e) as being 
anticipated by U.S. Patent No. 5,850,015 to Bauer et al. ("Bauer '015 patent") is rendered 
moot with respect to claims 11-16 and 29-31 (now cancelled without prejudice) and 
respectfully traversed with respect to claims 1-10. The PTO cites to the Bauer '015 patent 
the proposition that the hrpNEch gene would share at least one nucleotide with SEQ. ID. No. 1 
and its encoded protein would share at least one amino acid with the protein of SEQ. ID. No. 
2. Applicants submit that the PTO's position is obviated by the above amendments, because 
the Bauer '015 patent does not teach a DNA molecule as recited in claim 1 . Therefore, the 
rejection of claims 1-10 should be withdrawn. 

The rejection of claims 1-10 under 35 U.S.C. § 102(b) as being anticipated by 
Wei et al., "Harpin, Elicitor of the Hypersensitive Response Produced by the Plant Pathogen 
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Erwinia amylovorar Science 257:85-88 (1992) ("Wei") is respectfully traversed. The PTO 
cites to Wei for the proposition that the hrpN gene would share at least one nucleotide with 
SEQ. ID. No. 1 and its encoded protein would share at least one amino acid with the protein 
of SEQ. ID. No. 2. Applicants submit that the PTO's position is obviated by the above 
amendments, because Wei does not teach a DNA molecule as recited in claim 1 . Therefore, 
the rejection of claims 1-10 should be withdrawn. 

In view of the all of the foregoing, applicants submit that this case is in 
condition for allowance and such allowance is earnestly solicited. 



Respectfully submitted, 





Edwin V. Merkel 
Registration No. 40,087 



NIXON PEABODY LLP 
Clinton Square, P.O. Box 31051 
Rochester, New York 14603-1051 



Telephone: (585)263-1128 
Facsimile: (585)263-1600 
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Version With Markings to Show Changes Made 
Page 1 of 2 

In reference to the amendments made herein to the specification and claims, 
additions appear as underlined text while deletions appear as strikeout text, as indicated 
below: 

In the Specification : 

At page 5, lines 12-15: 

Figure 2 A shows the expression of hrpW by a T7 RNA polymerase-directed 
gene expression system. Lanes 1, E. co//DH5a(pGPl-2/pBC SK (-)); 2, E. 
co//DH5a(pGPl-2/pCPP1232). The arrow between 84kD and 53kD points to the band in 
lane 2 corresponding to the HrpW protein. 

At page 9, lines 11-14: 

This protein or polypeptide is acidic, rich in glycine and serine, and lacks cysteine. It is also 
heat stable, protease sensitive, and suppressed by inhibitors of plant metabolism. The protein 
or polypeptide of the present invention has a predicted molecular size of ca. 4S 45 kDa. 

In the Claims: 

Claims 1-7 and 9-10 have been amended as follows: 

1 . (Amended) An isolated DNA molecule encoding a hypersensitive 
response eliciting protein or polypeptide, wherein the isolated DNA molecule is selected 
from the group consisting of (a) a DNA molecule comprising a nucleotide ocqucnoc of SEQ. 
ID. No. 1, (b) a DNA molecule encoding a protein comprising an amino acid of SEQ. ID. No. 
2, (c) a DNA molecule which hybridizes to a DNA molecule comprising e-nuclcotido 
sequence the complement of SEQ. ID. No. 1 under otringent conditions comprising 
hybridization at a temperature of about 65°C in a hybridization medium comprising about 1M 
NaCl, and (d) a DNA molecule complementary to DNA molecules (a), (b), aa4 or (c). 

2. (Amended) An isolated DNA molecule according to claim 1, wherein 
said DNA molecule is a DNA molecule comprising ft^%ticlcotid© sequence of SEQ. ID. No. 1. 
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Version With Markings t Sh w Changes Made 
Page 2 of 2 

3. (Amended) An isolated DNA molecule according to claim 1, wherein 
said DNA molecule is a DNA molecule encoding protein comprising an amino acid of SEQ. 
ID. No. 2. 

4. (Amended) An isolated DNA molecule according to claim 1, wherein 
said DNA molecule is a DNA molecule which hybridizes to a DNA molecule comprising 3 
nucleotide ocqucne e the complement of SEQ. ID. No. 1 under stringent conditions 
comprising hybridization at a temperature of about 65°C in a hybridization medium 
comprising about 1M NaCl . 

5. (Amended) An isolated DNA molecule according to claim 1, wherein 
said DNA molecule is a DNA molecule complementary to DNA molecules (a), (b), sad or 
<c). 

6. (Amended) An expression vector t ro n oform o d w ith comprising the 
DNA molecule of claim 1 . 

7. (Amended) An expression vector according to claim 6, wherein the 
DNA molecule is in praper sense orientation an d co rr ec t reading frame. 

9. (Amended) A host cell according to claim 8, wherein the host cell is 
se l ec t ed frem-thc ^map^eonsistmg-of a plant cell or a bacterial cell. 

10. (Amended) A host cell according to claim 8, wherein the DNA 
molecule is t ranoformcd wi th comprised within an expression vector. 
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.. Bacterial Genes Involved in the 
Elicitation oBE^f)erserisitive Response 

and Pathogenesis 



Intensive molecuTar' genetic studies un- 
dertaken in the past 10 years have started 
to solve many of the pirates in the area of 
compatibility and incompaubillty between 
pUnts and bacterial pathogens. These, 
studies have provided answers to. some of 
the most fundamental questions in plant 
pathology; What bacterial genes are in- 
volved in the establishment of compatibil- 
ity or incompatibility between plants and 
necrogenic bacteria? What traits distin- 
guish plant-pathogenic bacteria from sap- 
rophytic bacteria? Are these genes and 
. traits common in seemingly very diverse 
groups of plant-pathogenic bacteria, from 
soft-rot erwinias to local lesion-fotming 
pseudomonads? In this article, we will 
discuss some recent advances in under- 
standing me compatibility or incompati- 
bility between plants and necrogenic bac- 
teria (bacteria that cause tissue necrosis). 
The potential application of these advances 
to alseaae management will be addressed 
briefly. Interested readers should consult 
other recent reviews (6,8,45,50) for- a more 
technical discussion on this topic. 

Plant-Bacteria Interactions: 
Incompatible vs. Compatible 

PUnt-pamcgeniC' bacteria cause devas- 
tating diseases on many important crop 
plants. Some bacteria, such as Agrobacte- 
Hum tttJMfacUns, cause tissue deformation 
(amors) by altering hormone balance in 
infected plant tissues. Other bacteria cause 
wilt or soft rot by interfering with d» 
function of the plant vascular system or by 
msintegramig plant tissues, respectively. 
Marry pathovars of Pseudomonas syringae. 
and Xanthomonas campesarii cause local 
lesions oh various plant tissues. Disease 
sytnpmrni caused by most planUpathogenic 
baecorla Involve plant call death. In this 
article, only necrogenic bacteria will be 
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discussed. Therefore, gall-forming A. 
tumefacuns and other bacteria that do not 
cause necrosis will not be addressed .. • 

plant-bacterU uiteractions can be gen- 
crally classified as compatible or income 
patibte interactions. In a compatible inter- 
action, a susceptible host plant U infected 
by a vinUcnt (or compatible) bacterium, 
^resulting in the muitiplicadon and spread 
of the baaerism in utfected plant tissues 
and the appearance of disease symptoms. • 
In sn uxsmpatible interaction, an avirulent 
(or incomplete) bacterium attempts to 
infect a resistant host plant or a rwnhpst 
plant, oat the multipUcation. tod spread of 
the bacterium are severely . restricted. A 
hallmark of many incompatible interactions 
Is the occurrence of rapid plant cell death 
at or 'near the attempted infection site, a 
phenomenon .known as the hyperseasitiye 
response (KR; 16,29). That is. although an - 
avirulent bacterium U> unable to cause. 
- typical spreaolng aiseaie syrmfloms in a 
. resistant ^ ho« WnorAc«plant, .it is ableto 
elicit localized plant cell death. The HR is 
associated with a wide array of defense 
responses that may inhibit^ 
invasion, including synthesis of antimi- 
crobial compounds, induction of plant 
•defense genes, awl strerum^ening of me 
•plant ceU wall by rapid .aoss-Unking of 
ceflwaU components (10.32). 

Although a true plant-pathogenic bacte- 
rium can elicit a dramatic plant response— 
either disease or resistance— in a healthy 
plant with n^ apprciwate . genetic bade- 
ground saprophytic bacteria or bacteria 
that ire pathogenic on organisms other 
than higher plants are generally "fto* 
initiate any inieractionsjn plants. Of 1 .ouu 
known species of bacteria, only about 80 
species have been round to cause pUnt 
(IV What arc' the features J** 1 
dstiiiguhs nar*pr-J»gefll; bacteria Jtom 
other types V bacteria?. Taxocwmic differ- 
ence eve 00 due to the differences m 
pahugeriU* far example, 
Lvtira te baoerium that causes fire bUghU 
is taxor^ffliuity .closely mlated to 
hum* parogen* Escherichia coh and 
YtnitJa spv- i*fl » another common plant 



Genes Controlling 
Compatibility Between Plants 
and Bacteria 

In the early 1980s, a number of re- 
searchers started to! use transposon-medi- 
ated mutagenesis, a technique developed in 
the study of £ coli, to reveal bacterial 
genes that pUy muportant roles In various 
plant-bacteria interactions. A transposon is 
. a mobile DNA element that can hop in and 
out of the. bacterial chromosome. When a* 
transposon hops into a gene on the 
chromosome, the gene is physically dis- 
rupted and cannot produce a functional 
product (Fig. 1), If the gene happens to be 
important in plant-bacterial . interactions, 
the mutant bacterium carrying the dis- 
rupted gene will show a defect in initiating 
normal plant-bacterial interactions. 

Using such a mutagenesis technique, 
Niepold et aL (35) and Undgren et al. (33) . 
identified clusters of bacterial genes, known 
as top (forJiR and pathogenicity) genes, 
in the bean pathogens Ptatdomonas 
syringat pv.syringae and f. ft pv. phaseo- 
Ucola. respectively. Transppson-induced- 
mutations In top genes were found to 
abolish the ability, of P. syringe* to elicit 
the HR in nonhost plants or to. cause 
disease in host plants (3335).; top mutants 
behave very much like bacteria that have 
ho apparent interactions with! plants^ such 
as £ colu The kfcntiflcadon of hrp genes 
suggested that the molecular mechanism(s) 
underlying oacterial pathogemciry and 
bacterial elicitation of plant disease 
resistance may involve the same bacterial 



hrp genes have been isolated Cram many 
plant-pathogenic bacteria and; have -been 
characterized most exxensively fiom P. x 
pvi jyrniga* P s. pv. phasiaticota, JW 
donumas soianaceanm (which causes wilt 
in many solanaceous plants), Xanthomonas 
campettris pv. vaicatoria .(Which causes 
bacterial spot W tomato and pepper), and 
£ amylovora, (6,8,45). Isolation (cloning) 
of hrp genes was accompitshed by insert- 
ing random genomic DNA fragments from 
a wild-type, plant-pathogenic bacterium into 
a cloning vector, followed by introduction of 
cloned DNA fragments mto^top mutants 



fRt I). W a'cloned DNA fragment carries 
a v/Qd-type copy of the mutated top gene 
fn w to? mutant, it will produce a 
tJ&rihrp gene product and therefore 
SancnTe* muuucd hrp gene locked 
chromosome (Fig. 0- Surpnsingly. 
the doned top clusters trom P.jtP* 
~riuM 61 and £ anylovora 321 enabled 
SSogena (eg.. £ coU or ft^ 
elicit the HR ( >npto 
(5J4). The functional cloning .£ d*se two 
W doiM 4n & coU reveal* £ 
adainnrm number of genes required tor 
•eudtation of the.HR by (J-H*g2 
bacteria Is carried on a DNA fragment 
-bow 23 to 30 kb in length, a very«naU 
portion of the A bacterial genome (which is 
normally about 4.000 to 5.000 "). 

DNA-DNA nybridization studies indi- 
cate that at least some top genes arcr.mv- 
to among necrdgenic bacteria 
different genera (P. syririgae; * amyU> ' 
yon. Erwwia stewarii, P. *°^ ta ™ 
. \£x. campatris) (3D, Recent DNA 
HlencB studies confirm that many top 
JSdc«a.from mverse.plant-parto. 
S bacteria are homologous (23.46). 
Sk ^topgpnesapneartobeutuYcnd 
. diverse. neaosis-causing, gram- 

negative bacterial pathogens of plants- 



Biochemical Functions 
of hip Gone 9 

. The biochemical functions of top 2«« 
have remained -a puzzle until recently. 
DNA sequencing has played a major role 
in the determination of many top S-n~ 
functions. As will be discussed, many top 
S£es have striking similarities with genes 

toTgenes of P. * P* syringe* (23). There 

Based on DNA sequence similarity to otter 
loovm genes and subsequent Wochermcal 

know that top genes- have -at 
tiocfaeinkal functions: gene regulation, 
protein secretion, and ixoducnon of HR 

^oStegularioii. It was discovered 
that top genes either are ««'«S?f^ 
. ^ caressed at very low levels (^*> 
n^erylow levels of protein products) 
when bacteria were grown in nutnent aca 
bacteriological media, whereas they *c 
highly expressed when bactena ^are o U* 
toaaliuta space (apoplast) of plant «- 
£^.37.41^.48.52^). What conA- 
Sr» pla« ^tissues induce die expreBtoo 
ofton genes, and how do bactena aetect 
S^oEg conditions? Unlike vtrns^ 
n^tocta, and many fungi, P^P^ 
. genie bacteria do not invade ^ngpU- 
5*. Therefore, signal exchanges between, 
-mm ous and bacteria must occur in (or 
KSti* apoplast outside the rJant cetL 
Humber of laboratories have otaer«d 
mat induction of P. syrmgae hrp g«*es 
caUdbTachieved by using aruficnl 



minimal media lacking complex nitmgen 
nutrients, indicating that lack of nutrients 
in the plant apoplast may be the « .gnal for. 
the induction of top genes (25.37.52J3). 
Specific compounds (e.g.. sucrose and 
sulfur-containing amino acids) present ui 
the plant apoplast may also serve as signals 
for the induction of X c pv. vesicawna 
hrp genes (41). The induction of top genes 
in the nutrient-poor plant apoplast or in 
artificial minimal media indicates that top 
genes may be involved in bacterial 
nutrition in planta. 

How do bacteria sense the plant apoplast 
eirvironment? It was found tot at least 
three of the 25 top. gene products are 
involved id detection of the apoplast envi- 
ronment by P. syringor. M> A**. 1 * 
top* (18 A Fig, 2). The topS and topR 
are among the first two top genes to oe 
expressed once bacteria enter plant nssues 
(51,52). It has been hypothesized that the 
HrpS and HrpR proteins, once PKWff* 
bind to the -promoter" sequence of the 
HrpL gene w.-riromcW* the ****** 
the HrpL protein (51). Once the HrpL 
• orotein is prcduced..il activates promoters 
7^ hrp ^ 
avirulence (ovr; genes-, which determine 
sene-for-geae interactions between bacte- 
*.» and plants 3). Not 

all bacterial anr genes are regulated by hrp 
genes (30). Interestingly. hrpS and hrpR 



are similar in sequence to a family of bac- - 
terial proteins that regulate genes involved 
in diverse metabolic functions,' including 
genes involved in nutrient transport and 
metabolism (18.51). The sequence simi- 
larity of tops and hrpR with gene regula- 
tors involved in nutrition appears to sup- 
port the hypothesis that top genes are 
involved in bacterial nutrition in the nutri- 
ent-poor plant apoplast This hypothesis is 
further supported by the observation that 
the expression of top genes can be turned 
off by complex nitrogen sources, tricar- 
boxylic add cycle intermediates, high 
osmolality, and neutral pH, some of which 
are characteristic of rich bacterial' media 
(25.37,41.46.52^3). 

An topS homolog has been found in a 
very different bacterium. £. antylovora (S. 
V. Beer, personal communication'). In P. 
soUmactarum. a different top gene QtrpB) 
was found to be involved in the detection 
of the plant apoplast (15). Thus, different 
bacteria may or ma/ not use the same 
mechanism to detect me apparently similar 
environment in the plant apoplast 

2. Protein secretion. One surprising 
finding from the sequence analysis of top 
genes was that many top . genes show 
striking similarities to those involved in the 
secretionof proteinaceous virulence factors 
in human and animal pathogenic bacteria 
(12.17i2239.46). Most plant-pathogenic 
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* bac^na chat -cause necrosis are gram- 
negative, chat is, (hey have two ceil 
membranes enveloping the cytoplasm. For 
any large molecule (eg., a protein) to go 
through a lipid membrane, a special secre- 
tion apparatus or channel composed of 
many proteins must be assembled across 
both ceil membranes. Gram-negative plant 
pathogenic bacteria are known to make 
several types of secretion apparatus. For 
example, Erwinia chrysanthemi, a tact*, 
rrum that causes soft rot, makes one type o f 
secretion apparatus for proteases and 
another for plant cell wall-degrading en* 
zymes (2139). Both types of secretion 
apparatus are widely conserved among 
many other bacteria, including human 
pathogens such as £ coli and Pseudo- 
monas aeruginosa (2U9). The hrp genes 
were found to specify a third type of se- 
cretion apparatus, the Hrp secretion appa- 
ratus, which appears to be similar to the 
one discovered in several human-patho- 
genic bacteria, including Yersinia spp. 
(12,17,22.39,46). Interestingly, although 
the regulatory hrp genes in different bac-. 
teria may be different (hrpS. hrpR. and 
hrpL \n P. syringae versus hrpB in P. sola* 
naccarum), most hrp genes involved in the 
assembly of the Hrp secretion apparatus 
are similar among diverse plant-pathogenic 
bacteria. This suggests that although 
different bacteria, may detect the plant 
apopiast environment in their own unique 
ways, they nevertheless produce similar 
types of protein secretion apparatus. 

3. Production of elidtor proteins. The 
discovery of the novel Hrp secretion appa- 



ratus raised an immediate question: What 
arc fte proteins chat traverse it? Since hrp 
genes are essential for bacteria; both to 
elicit the plant HR <«nd to cause disease, it 
was expected titat some of the protein thai 
traverse the Hrp secretion apparatus may 
be eiicitors of plant HR and that others 
may be involved in causing necrosis during 
pathogenesis. Wei et al. (47) first provided 
evidence that one of the £ amylavora hrp 
genes [hrpy) encodes a proteinaceous 
£UZt*or (iiarpin). H&rpiri elicits HR accrusi: 
ween injected :.«to tt e apopiast of 
appropriate plants (47). Although no hrpN 
gene bomblog could be found in R 
synr.gcc, . another 1 . proteinaceous ' HR 
tiictor (harpinpa) was identified and was 
shown to be encoded by a different hrp 
gene, hrpZ (2036). Furthermore, harping 
Cio titx eJUn^eUular protein shown to 
\*j<BUB&t*i% the Hrp secretion apparatus 
T20>. AA^'Uscisriai protein ehcitor of the 
HR ww identified & R salanaccarwn and 
was nd^ PopAl-(2).:Tne" E amyloyora 
harpin, P. j, py. syringae 61 harpin^,, and 
R solanacearum PopAJ, although largely 
dissimilar in primary sequences, ,. share 
similar properties that may be important th 
their HR elidtor activities. They , are all 
heat siabl*, glycine rich, and hydrophilic 
Hotnolaga cf £. amylovoAJ harpin and R s. 
pv.; * mttgat 1 61 harpinptf have been 
ide*rf*5d iur other pathogenic strains that 
belong to the genus Erwinia and the 
speces ?. syringae. respectively (4,20). 
Thus, at least three proteins that traverse 
the riro secretion apparatus of three 
adverse bacteria elicit the HR. 



The Search for Proteins 
that Traverse the Hrp Apparatus 

As mentioned earlier, bacterial mutants 
defective in the Hrp secretion apparatus are 
unable to elicit the HR in resistant plants 
and to cause disease in. susceptible plants. 
The question is, how many proteins are 
secreted via the Hrp secretion apparatus? If 
harptns and Pop A are the only proteins that 
traverse the Hrp secretion apparatus, then 
notations, in the genes that make harpins 
and PopA would also eliminate the ability 
Of bacteria to elicit the HR in resistant 
plants and to cause disease in host plants. 
However, if there are other ^athogenicity- 
or HR-related proteins secreted via the Hrp 
apparatus, mutations in only harpin- or 
PopA-ehcoding genes' would not com- 
pletely abolish the ability of bacteria to 
elicit the HR in resistant plants or to cause 
disease in host plants. Wei et al. (47) 
reported that mutations in the. gene coding 
for harpin of £ amylcvcra destroyed the 
ability of the bacteria both to trigger the 
HR in resistant nonhost tobacco and to 
cause disease in susceptible pear fruits. 
Mutations in the gene coding for harpiriech 
of E. chrysanthemi prevented the bacter- 
ium from triggering the HR in the nonhost 
tobacco and reduced the ability of the 
bacterium to initiate disease lesions in host 
plants (4). In the case of harpin^ of R 
syringae. mutation analysis has-' been 
complicated by the complex gene structure 
and organization surrounding the hrpZ 
gene. Conclusive data regarding the role of 
harpinpu in plant~£ syringae interactions 
are yet to be shown. PopAl was- shown to 
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to dispensable for pathogenicity of P. 
solanacearum in the susceptible host plant, 
tomato, or for HR elicitation in the nonhost 
• plant, tobacco (2), indicating that there 
must be other HR-elicitors and patho- 
genicity factors that traverse the Hrp 
•secretion apparatus in this bacterium. 
Further examination indicated that PopAl 
may function as an avirulence gene, me* 
dialing gene-for-genc interaction in ce r tai n 
petunia-/! solanacearum interaaioos (2,45). . 
Thus, the Hrp secretion apparatus in each 
bacterium may secrete a different number 
of proteins. Identification of other proteins 
that traverse the Hrp secretion apparatus is 
now an active research area and is essential 
for a complete understanding of Arp- me- 
diated plant-bacterial interactions. 

Factors Modifying hrp 
Gene-Mediated Compatibility 

TVo broad classes of bacterial genes 
may superimpose their functions on the hrp 
gene-mediated compatibility or incompat- 
ibOiry between plants and bacteria: avr 
genes and various virulence genes. The avr 
genes mediate geiwrype-specific incompat- 
ibOity in resistant host plants. Virulence 
genes promote the production of disease * 
symptoms and are usually needed for the 
fufl virulence of bacteria. 

Bacterial avr Genes 

Flor (14) formulated the gene-for-gene 
hypothesis in his work on flax-flax rust 
interactions. Flor hypothesized that the 
resistance of a given flax culuvar to a 
given fungal race is the result of the inter- 
action between a fungal avr. gene and a 
corresponding flax resistance gene. There- 
fore, the interactions between the plant's - 
resistance genes and the pathogen's avr 
genes would limit the host range of the 
pathogen. Staskawicz et al. (44) first • 
cloned an avr gene from a soybean bacte- 
rial pathogen,. Pseudomonas syringae pv. • 
gtycinta. and showed that the cloned avr 
gene could convert virulent R x pv. gry 
cima strains that cause disease into aviru- 
lent strains thai elicit the HR ; in certain 
soybean cultivars carrying the correspond- 
ing resistance genes, thus validating the > 
role of avr genes in controlling host range. 
Since- then, numerous avr genes have been 
cloned fromplant-pathogenic bacteria (27). 
Several plant resistance genes have also 
been cloned using molecular genetic 
approaches (e.g., 34,43). 

What is the relationship between the avr 
genes and hrp genes, both of which .are 
involved in eliciting the HR? Several labo- 
ratories have observed that avr genes can- 
not trigger the genotype-specific HR in hrp 
mutants, i.e., avr genes depend on 
functional hrp genes for expressing their 
phenotype (25.26.28,38,40). There arc 
several ways of explaining such depend- 
ence (Fig. 4). One possibility Is that Avr 
proteins are dependent on the Hrp secje- 
tton apparatus for secretion. Alternatively, 
Avr function requires a prior plant response 



elicited by the n/p-controlled extracellular . 
factors (such as harpins). A third possi- 
bility is that Avr proteins, with no HR- 
cliciting activity by themselves, cause the 
cultjvar-specific HR by either covalendy 
modifying harpins or modulating the 
expression of harpins in a plant resistance 
gene-dependent manner yet to be understood. * 
Finally, it Is also-possible (hat Avr proteins 
are secreted directly into the plant cell with 
the help of harpins, assuming that receptors 
for Avr proteins: ace Inside the plant ceil. 
Studies are being carried out to resolve 
these possibilities. ■ 

Bacterial Virulence Factors ; 

The : genetic* diversity of plant-patho- 
genic bacteria is reflected in uieir ability to 
cause diverse disease symptom* ranging 
from soft rot to tissue necrosis to 
Swldhre.'* These Averse, disease symp- 
toms are likely the result of the action of 
several, sometimes unique, virulence fac- 
tors produced by a given bacterium in 
addition b \/vp-controlled pathogenicity 

plant apoplast signals 



facton. For example, research from many 
laboratories has shown that toxin produc- 
tion plays an important role in the forma- 
tion, of chlorosis and necrosis (3.19,49). 
Extracellular polysaccharides may be in- 
volved in the formation of water-soaking 
lesions (1143) and in the production of 
wilt symptoms by clogging the plant vas- 
cular system (9). Plant cell wall-degrading 
enzymes are responsible for tissue disinte- 
gration and the appearance of the soft-rot 
symptom (7). Plant hormones produced by 
plant-pathogenic bacteria are involved in 
the induction of tissue deformation (42). 
. Both hrp genes and. bacterial virulence 
factors are. necessary for disease symptom 
production, but what is the. relationship 
between them? A logical relationship 
. would be. that fop<ontroljed extracellular 
.factors are involved in obtaining nutrients 
in early stages' of pathogenesis, whereas 
otto virulence factors drive the initial 
compatible stage into a fully compatible 
one, leading to the production of various 
disease symptoms. At least two lines of 
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S£p 2?T& "r^L g Jr^ducV^ in turn, binds to promoters of othf Hrp genes, svr 
a^J bach rial p*trK»ge«lclty-rf>Uted genee to promote me expression of 
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'evidence seem to support this relationship. 
First, hrp genes are highly . conserved 
among diverse plam*pathogeaic bacteria, 
whereas virulence factors vary greatly 
among bacteria. Second, while mutations 
in the fop gene completely abolish both 
bacterial pathogenicity and dictation of 
the HR. mutations in virulence genes (e.g., 
coxin-production genes), often do not 
eliminate pathogenicity and have no effect 
on bacterial eUdtatfon of the HR (3,19,49). 

Model 1 



hrp Gene Functions . 
and Disease Management 

A major reason for. discovering bacterial 
and plant factors critical for bacterial 
pathogenesis and plant resistance is to 
develop novel and environmentally safe 
strategies for controlling plant diseases, 
the discovery that the Hrp secretion appa- 
ratus is .crucial to bacterial pathogenesis 
provides a foundation for designing novel 
chemicals and antibodies that would block 

Model 2 



the assembly of the Hrp secretion appara- 
tus or the passage of bacterial virulence 
proteins through it Alternatively, suscep- 
tible crop plants could be genetically engi- 
neered with geaes encoding proteinaceous 
HR elicicors, such as harpins, under the 
control of plant promoters inducible by 
virulent pathogens. If this approach were 
successful, me HR or resistance would be 
triggered in otherwise compatible interac- 
tions, limiting disease development. 
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Bacterial home goal by harpins 

Ulla Bonas 



Host-pathogen interactions 
are dynamic and multi- 
factorial; whether a micro- 
organism succeeds or fails in col- 
onizing a potential host depends 
on factors from both organisms. A 
successful pathogen has to over- 
come the defenses of the host. In 
bacteria that are pathogenic for 
animals or for plants, particularly 
Gram-negative organisms, a large 
number of genes are essential to 
infect host tissue and establish 
disease. Expression of these genes 
is generally controlled by environ- 
mental conditions such as tempera- 
ture, pH, salt concentration and 
nutrient availability 1 * 2 . 

Pathogenicity, hypersensitive 
reaction and ellcltors 

In the Gram-negative plant patho- 
gens EruriniOj Pseudomonas and 
Xantbomonas, genes organized in 
clusters of 25-40 kb are fundamen- 
tally involved in any obvious inter- 
action with a plant (for a review see 
Ref. 3). These genes have been des- 
ignated hrp (hypersensitive reaction 
and pathogenicity) because they are 
essential not only for pathogenicity 
towards a susceptible host plant, 
but also for interaction with re- 
sistant host varieties and with 
plants that are not a host for that 
pathogen. In plants, the hypersensi- 
tive reaction (HR) (Ref. 4) is a rapid 
defense reaction involving localized 
plant cell death and production of 
substances such as phenoiics and 
phytoalexins at the site of infection. 
The HR prevents pathogen spread 
and thus halts disease development. 

In the wild, plants are resistant 
to the majority of pathogens. The 
HR, therefore, is an important de- 
fense mechanism against all kinds 
of possible disease agents (bacteria, 
fungi, nematodes and viruses). It is 
not only important to interactions 
of pathogens with nonhost plants, 
but also to interactions between 
plants that carry resistance genes 
and microorganisms that are patho- 
gens for that species. 



Although the genes involved in 
plant defense 5,6 are becoming better 
understood, very little is known 
about the nature of the initial sig- 
nals and their perception. Induction 
of the HR in a bacterium-plant 
interaction requires functional hrp 
genes and appears to be mediated 
by signal molecules or 'elicitors'. 
Recent DNA sequence analyses 
indicate that several putative Hrp 
proteins from different species are 
related and may be involved in a 
secretion system reminiscent of 
secretion of Yops (Yersinia outer 
proteins) in Yersinia 7 ' 11 . So far, only 
one specific elicitor of the HR in 
a bacterium-plant interaction has 
been described The avrD gene from 
Pseudomonas syringae pv. torn- 
ato mediates production of a low- 
molecular-mass compound that 
specifically induces the HR only 
in the soybean plant (a nonhost) 
when it carries the corresponding 
Rpg4 resistance gene 5 * 12 . 

Harpins 

Recently, two bacterial HR-in- 
ducing proteins, called 'harpins', 
were identified in Erunnia amy* 
lovora lz and P. syringae pv. syrin- 
gae 14 . Although the harpins differ 
in primary sequence, they have 
several features in common: they 
are glycine rich and heat stable, 
and they both induce* an HR in 
tobacco, a nonhost plant for these 
bacteria. The genes encoding har- 
pins are localized within the hrp 
clusters and obviously have a dual 
role in that they are also required 
for pathogenicity towards the 
normal host plant. Both hrp clus- 
ters allow nonpathogenic bacteria, 
such as Escherichia eo/i, to induce 
an HR in tobacco after recombi- 
nant expression, suggesting that 
the genes for the tobacco HR 
elicitors are present within the 
clusters 15,1 *. 
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The first harpin to be ident- 
ified, harping, is a cell-envelope- 
associated protein encoded by 
the hrpN gene of Er. amylovora y 
a pathogen of pear and apple u . 
Recently, He and co-workers H have 
used an elegant approach to ident- 
ify harping, which is encoded by 
the hrpZ gene in the bean patho- 
gen P. s. pv. syringae. Lysates of 
an expression library in £. co/i, 
made using the cloned P. s. pv. 
syringae hrp cluster, were directly 
screened for HR-inducing activity 
on tobacco leaves. Two proteins 
were identified, one of which was an 
ammo-terminal deletion of harping 
with even higher activity than the 
full-size protein; whether process- 
ing occurs during natural infection 
is not clear. Interestingly, the car- 
boxyl terminus contains two short, 
direct repeats that are essential 
for elicitor activity. The activity 
is in the same range as that of 
the Erunnia harping; however, to 
elicit an HR in other plants requires 
higher levels of the elicitor. He 
et ah show convincingly that the 
secretion of harpin^ by P. s. pv. 
syringae depends on a product 
called HrpH that is closely related 
to proteins in other plant patho- 
gens, and also in animal pathogens 
such as Yersinia and Shigella, 
where they are essential for pro- 
tein secretion*' 10 ' 14 . 

These exciting findings help ver- 
ify the model that Hrp proteins 
are involved in the transport of 
elicitors and virulence factors 7 . Not 
surprisingly, the results presented 
by He and co-workers 14 also stimu- 
late many questions. It needs to 
be shown that harpin^, is actu- 
ally secreted when the bacterium 
interacts with tobacco tissue (the 
hrp genes were induced in vitro)* 
The concentration needed for HR 
induction (more than 600 n.\i) is 
much higher than one would ex- 
pect for specific signal molecules. 
Arc harpins toxins? Most import- 
antly, what is their function in 
pathogenicity, and why d they 
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not elicit an HR in the host plant? 
Are harpins the only elicitors of 
nonhost HR in tobacco and poss- 
ibly in other plants? Is the same 
mechanism used in tobacco to rec- 
ognize both the Erwinia and the 
P. 5. pv, syringae harpins? Is host 
resistance different in mechanism 
from nonhost resistance? Answers 
to this fascinating puzzle require 
the identification of more HR 
elicitors and their putative plant 
receptors. 
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Initiation and spread of a-herpesvirus 

infections 

Thomas C. Mettenleiter 



Herpesviruses are large ani- 
mal viruses with a DNA 
genome varying from ap- 
proximately 120 to 250 kb. Based 
on their biological properties! the 
Herpesviridae have been divided 
into three subfamilies, the a-, p- 
and y-herpesvirinae, prototypes of 
which are the human pathogens 
herpes simplex virus (HSV), 
cytomegalovirus (HCMV) and 
Epstein-Barr virus (EBV), respect- 
ively. As enveloped viruses, they 
depend on two consecutive pro- 
cesses for infectious entry into 
target cells: (1) attachment of free 
virions to cells and (2) penetration, 
that is, fusion of virion envelope 
and cellular cytoplasmic mem- 
brane leading to release of the 
nucleocapsid into the cell. Virion 
envelope glycoproteins play 
important roles in both these 
processes (see Refs 1,2 f r recent 
reviews). 

After infection of primary tar- 
get cells, virus spread can occur 
by several different mechanisms. 
Infected cells may release infectious 



virions that reinitiate infection from 
outside. In addition, direct viral 
cell-to-cell spread from primary 
infected cells to adjacent non- 
infected cells may occur. In the host, 
virus may be disseminated by cir- 
culating infected cells that adhere 
to noninfected tissues and trans- 
mit infectivity direcdy. Recent 
results on HSV and pseudorabies 
vims (PrVj shed more light on 
these processes in a-herpesviruses. 
PrV causes Aujeszky's disease in 
swine, which is characterized by 
nervous and respiratory symptoms, 
and reproductive failure. Unlike 
HSV, PrV is not pathogenic for 
humans. However, the two viruses 
have several features in common, 
including a broad host range in 
vitro, and several species besides 
the narural host can be infected 
experimentally. In addition, all of 
the known PrV glycoproteins are 
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related to homologous glycopro- 
teins in HSV (Ref. 1)*. 

Attachment 

Binding of free infectious virus to 
target cells involves interactions 
between virion envelope glycopro- 
teins and cellular virus receptors. 
Herpes virions contain a large 
number of different virus-encoded 
envelope glycoproteins that might 
participate in attachment. A well- 
known example of a cellular herpes- 
virus receptor is the B-cell mem- 
brane protein CR2 (CD21), which 
binds EBV (Ref. 3). Recent studies 
have demonstrated that several 
a- (reviewed in Ref. 1), (J- and y 
herpesviruses 4 ^ bind to their target 
cells by interaction of virion com- 
ponents with cell-surface glycos- 
aminoglycans, principally heparan 
sulfate (HS) 6 . 



*At the 18 th International Herpesvirus 
Workshop, a common nomenclature for 
a-herpesvirus glycoproteins was agreed on, 
based on designations of HSV glycoproteins. 
This nomenclature is used here. 
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Table 1. Sequence similarities of Xanthomonas ctKesws pv. vesicatona Hro proteins 



Xanthomonas camoesws 


HrpAl ' 


HroB6' 


HrpB3' 


HroCT 


HrpC2' 


HrpC3' 


HrpOl' 


HrpD2 1 


pv. vestcatoria 


















Pseudomonas soianacearum 


HrpA J 


HrpE 4 


Hrpl a 


HrpN* 


HrpCy 


HpaP 5 


HrpQ 4 


Hrpr 




(66%) 




(70%) 


(74%) 


(81%) 


(54%) 






Pseudomonas 


HrpH* 








Hrpl' 








synngae pv. synngae 


(52%) 








(62%) 








Yersinia enterocoiitica 


YscC' 
(55%) 




YscJ* 
(56%) 












Yersinia pestts 


YscC f 
(55%) 








LcrD 10 
(70%) 




LsaA" 
(52%) 


LsaB" 
(72%) 


Yersinia pseudotuberculosis 




YscN'*' 
(73%) 


UrKa :5 
(56%) 












Shigella fiexnen 


MxiD" 


Spa47 1 


MxU** 


Spa40' 7 


MxiA'* 






Spa24'» 




(50%) 


(65%) 


(52%) 


(55%) 


(65%) 






(67%) 


Salmonella typhimunum 


InvG'* 


Soal ;: 




SpaS 19 


InvA" 






SpaP" 




(52%) 


(70%) 
Fill-" 
(65%) 




(56%) 


(67%) 






(64%) 


Baallus subulis 




F!aA-ORF4" 
(68%) 




FlhB" 
(62%) 


FlhA 1 * 
(63%) 






FliP» 
(68%) 


Escherichia coli 




f>Fl" 
(53%) 












FliP" 
(65%) 


Erwina carotovora 














MopB M 
(49%) 


MopC 1 * 
(65%) 


Erwtnia amytovora 










Hrpl* 
(62%) 








Rhizobtum fredu 


NofW J ' 
(51%) 




NolT r 
(61%) 












Cautobacter crescentus 










FlbF 32 
(55%) 









Similarities between aeduced amino aad sequences of Hro proteins from X.c.ov. vesicatoria and other proteins include conservative amino acid exchanges. Number 
in parentheses indicates percent similanty. 
SuoerscriDt numbers indicate references as follows: 

1 . Fenseiau et al. 1992; 2.Bonas et al.. unpublished: 3. Gough et ai 1992: 4. Genin et al. 1993. sequences unpublished; 5. Gough et al. 1993; 6. Huang et al. 1992; 
7, Huang et al. 1993; 8. MiCwELS et al. 1991; 9. Haooix ana Straley 1992; 10. Plano et al. 1991; 11. Fields et al. unpublished, accession # L22495; 12, Galyov. 
unpublished, accession * U00998: 13. Rimpilainen et al. 1992; 14. Ailaoui et al. 1993; 15. Venkatesan et al. 1992; 16. Allaoui et al. 1992; 17, Sasakawa et al. 1993: 
18. Andrews and Maureui 1992: 19. Lodge et ai.. unpublished, accession it X75302: 20, Groisman and Ochman 1993; 21, Vogler et al. 1991: 22. GaUn et at. 1992; 
23. Albertini et ai. 1991; 24. Carpenter ei ai.. jnpublisrteo. accession * X741212; 25. Carpenter and Ordai 1993: 26. Bischoff et al. 1992: 27. Saras te et ai. 1981: 
28. Mauakooti et ai. unpublished, accession # L21994; 29. Mul Holland et al. 1993: 30. Wei ana BEER 1993; 31 , Meinharot et al. 1993: 32. Ramakrishanan et al. 1991 : 
Sanders etai. 1992. 
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The HrpZ Proteins of Pseudomonas syringae 
pvs. syringae, glycinea, and tomato Are Encoded by 
an Operon Containing Yersinia ysc Homologs and Elicit 
the Hypersensitive Response in Tomato but not Soybean 

0 .„ P«... n ,. H.,ou.Ch.„ Ha.„,.. «M ^^^..W^**^^ 



The Pseudomonas syringae pathovars are comed o 
host-specific plant pathogens that charactenshcaUy elicit 
L defense-associated hypersensitive response (TO) in 
nonhost plants. P. s. pv. syringae 61 secretes an IB eta* 
tor, harping (HrpZ P J, in a Append* |* -~ 
internal fragment of the R f . pv. *ynn*«* 61 hrpZ gene 
wwused to done the hrpZ locus from P. 5. pv. glycinea 
race 4 (bacterial blight or soybean) and R s. pv. tomato 
SSm bacterial speck of tomato). DNA se^enoe 
analysis revealed that hrpZ is the second ORFin a po^os- 
^nic operon. The amino add sequence ide nllta ; of 
toZ P JHrpZ^ and HrpZp^/HrpZ^ were 79 and 63%, 
Stivd7 though none of the HrpZ proteuis showed 
^cant'overall sequence similarity with other taown 
proteins, HrpZ,* contained a 24-amino aad sequence ttiat 
XXSSS* ^th a region of the PopAl 
of the tomato pathogen, Pseudomonas solanacearum 
GMI1000. hrpA, the upstream ORF, was highly dmrgent. 
The amino add sequence identities of HrpAj^HrpA^ 
and HrpAfe/HrpApit were 91 and 28%, respectively, and 
no 1^ s^celhowed similarity to known pro^n* 
In contrast, the predicted products of the downstream . 
ORFs in R s. pv. syringae and R s. pv. tomato, hrpB, 
5£ hrpl ntnrpE showed varying levels of simuarity 
7^osZtyscI 9 yscJ t yscK 9 andyscL These are cohneariy 
arranged genes in the virC locus of Yersinia spp., which 
arTmvolved in the secretion of the Yop virulence proteins 
via the type III pathway. The simUarity of *e Y« ^pro- 
teins was generally stronger in comparisons with the * s. 
pv. tomato Hw proteins. The HrpZ proteins were purified 
by SHenaSiration of contaminating proteins followed 
by ammonium sulfate fractionation, hydrophobic chroma- 
tography, and gel electrophoresis. AU three HrpZ proUh* 
elidted Uie HR in tomato, whereas none of tiiem ehcUed 
significant necrosis in soybean. The results indicate that 
HrpZ is encoded in an operon containing some or the 
«nes involved in its own secretion and suggest that HrpZ 
structure does not directly determine bacterial host range. 

Corresponding author. A. CoUmer. E-mail arc 2 ©comell.edu 



Phytopathogenic strains of Pseudomonas syringae cause 
two patterns of necrosis when the bacteria invade a plant. On 
a susceptible ("compatible") host, a necrotic lesion often de- 
velops over a period of days, with necrosis spreading as the 
bacteria multiply and the plant becomes diseased. On a resis- 
tant or nonhost plant, a localized cellular necrosis is induced 
within 24 to 48 h, and bacterial multiplication is inhibited. 
This was first reported by Klement (1963; Klement et al. 
1964), who observed that when high concentrations of patho- 
genic bacteria are infiltrated into an incompatible plant they 
elicit a visible necrosis which is limited to the infiltrated area. 
This reaction, called the hypersensitive response (HR), in- 
volves localized cell death and production of anti-microbial 
compounds at the site of pathogen invasion (Bonas 1994).The 
ability of P. syringae and other nontumorigenic, gram- 
negative, bacterial pathogens to elidt the HR is governed by 
hrp genes. Typical Hrp- mutants are pleiotropically defective 
in planta: They do not elicit the HR in nonhosts and they fail 
to multiply and cause disease in host plants (Lindgren et ai. 
1986). Clusters of hrp genes have been identified in many 
gram-negative phytopathogenic bacteria (Bonas 1994). A 25- 
kb hrp cluster from R s. pv. syringae 61 is sufficient to confer 
the tobacco HR phenorype, but not the pathogenic phenotype 
on nonpathogenic bacteria (Huang et al. 1988). hrp genes 
have also been cloned and characterized extensively from R s. 
pv. phaseolicola NPS3121, R solanacearum GM1000, Xan- 
thomonas campestris pv. vesicatoria 75-3. and Erwinia amy- 
lovora Ea321 (Undgren et al. 1986; Boucher et al. 1987; 
Beer el al 1991; Bonas et al. 1991). Certain hrp genes are 
widely conserved among these pathogens, and several encode 
components of a protein secretion pathway that is similar to 
the type III pathway used by Yersinia, Shigella, and Salmo- 
nella spp. to secrete extracellular proteins involved in animal 
pathogenesis (Van Gijsegem et al. 1993). One activity of the 
/i/p-encoded secretion pathway in phytopathogenic bacteria is 
the secretion of proteinaceous elicitora of the HR, which are 
also encoded by hrp genes. 

The first h/p-encoded elicitor characterized was harping 
from £ amylovora (Wei et al. 1992). Similar eUcitors have 
since been isolated from other bacteria, including R s. pv. jy- 
ringae 61. R solanacearum GMIIOOO. and £ chrysanthemt 
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- * ., si 1994: Bauer et al. 1994). 
EC 16 (He et al 1993; 'several general char- 

Proteins in Oils family of . eta«w ^.^le. lack cysteine, 
.cteristics. They are glycine *MJ^ ,ack an N- 

and appear highly suscepabl P£ w ^ b t 

terminal signal P^?' ^^ion « dependent on hrp 
milieu. Their e*pre*'on and secmt «m ^ u 
genes- The biological role of J«_ * ^ roteins can in- 
to not yet been ^"^^K tobacco. Hoover. 
duce an HR on a """lwHj"* J 0 ^ org3 x.ization of the 

elicitor operons ^ ite P. Jy""*" A* 2 P roduCl 

ge$ « that the Erwmta harpms. the* y S ^ ^ 

and the R '^""T ?„£ ^o* we wilYrefer to the P. 
distinct classes of cte than harping (He et 
pv. lyringae e Ucito as HrpZ^ weak similarity 
/^TtoAw^ffi proteins, with the 

WvL of the — 

Custer varies in P. s. j^SSAS or within the fa, 
amy/ovora. hrpN and J^ Z ^°5 0Ugh near ) the P. 
duster. wh ^,^^ e S im; He et aL 1993; Arlat et 

* *< KilfgeA 0 ^ 
mutations in the ehciW : genes aim „ straightfor- 

demonstrated to be "^"iSHLm that harping 
and mutation of hrpN in £ ™g°*" a , 992) . Ho wever n*fV 
„ required cTesSbth Sections, albeit at a 

mutants of £ chrysarthenu can est*. harping** 
significantly reduced ft ?«'j£«2u5«« et al. 199S). 
^t but not U fully patbe- 

the host 

These elicitors may play a row . i oathog enic 




However it is difficult «° "'^^ , eg umes and ro- 

harpins. in host and nonhos, ^pUmts bw« P» £ ^ 
saceous plants, the hosts of « W£8 ^^ons of 
lovom B321. respectiveju «P°£^° g^. Heet al. 1993). 
any of these elicitor proteins (Weiet au i host . 

£m from P. «*f^ H K&lirf»-- to 

specific manner, inducing an ^ on ^ ibte lines of pe- 
M d the nonhost wbacco, but nrt on^ £ u ^ 

tunia or tomato (Arlat .« s distin „ from known Avr 

to that of avr genes ; bu -^J**"., resistant plants, 
proteins in *«ung«h. HR d,«c y ^ rf g ^ 
Harping elicits an HR on some co p a £ efcfy 

santHemi. but in conuas to£ other ^ Qf 

Mtftom is a ™ 8 ^ ve | f elicitor activity » a 

S^rpeSnctyS^ereta,^, 



In nrevious work we cloned and characterized Ok hrpZ 
. rTm pi ov syringoe 61. a weak pathogen of bean, and 

EE& -* ,mmun obloB 11,81 m* 6 ; 

SSSTof P ^rin««« contain horn logs of this gene (He e 
ffwS ™s ZffMd the hypothesis that HrpZ . represenu 
f fS of elicitoT common to all pathogenic strains of P 
52 We report here the isolation of homologs of HrpZ*, 
oAeTSperimenudly important pathovars of P. sy- 
from two other expe^ fl Examining 

eKHiotKi.pv.w this comoictcs the sequence of the 

paper (Huang ^^STon pSil and pro- 

Ushed(Collmeretal.l994). 
RESULTS 

o appn,xima,ely 10 kb: pCPP2201 |R* J 
wiminsws wk ,/ye«i«a). The same 8«XI 

^^aS^beaSoumVmblotof pCPP2201 and 
SwSg^J with BomHI, EcoRt and IM The probe 

fragments were cioneo m*» " D H5a to create 

cvv \ i-^tratftcene La Jolla, CA) in t» con whju « 

tntation of the vector promoter) and P^^;"^^ 

Sf? 2? El* matured proteins by .<^Srf 
levity to heattteatment b ^ ^ 

oreviously isolated HR ehcitors. Proteins m tne iy»» s 

raised W™^^*^ ° 0 ^6 and provisionally 
similar size to HrpZpo were oow r 
^med HrpZ., and HrpZ^ <f*. was quile 

The intensity of the HrpZ., and HrpZ*, oanos wa» s 
towTn comparison to the band for HrpZ*, expressed from 
pSWIO T £ an DH5a (Bg. 2. lane 1). This implied either 
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that expression was low due \^^^S^^ 



The T7 promoter enabled a moderate improvement in protein 
expression (Fig. 2, lanes 3 and 5). 

A common arrangement of ORFs in the hrpZ operons of P. 
s. pv. syringae, E s. pv. glycinea, and P. s. pv. tomato re- 
vealed by DNA sequence analysis. 

Previously, we determined the complete nucleotide se- 
quence of hrpZ from R s, pv. syringae by sequencing a 1.4-kb 
subclone of pHIRU (a cosmid containing the entire hrp 
cluster from R s. pv. syringae) (He et al. 1993). In addition, 
analysts of the complementation groups and transcnptional 



P.s. pv. syringae 

PSS B SaBx 

Bri 



BxP EV 



A SI 
_JJ- 



±=L 



S P 



hrpR S hrpA hroZ hrpB hrpC hrpD hrpE hrpFGH_ 



s » pSYHI O E y 



p 2303 



|'pCPP2305 1 



P.s. pv. glycines 
p SB 



pp 



hrpS hrpA hrpZ hrpB hrpC 



Sa 



pCPP2200_ 



Sa 



p pCPP2202/4/6_ 



J 



s 
L 



pCPP2208^ 



B , pCPP2210 j 
pCPP2255 



P.s. pv. tomato 



P B 



pp 



r*~T 



PE 



Sa 



rt/pS /i /p4 hrpZ hrpB hrpC hrpD hrpE hrpF^ 

pPPP2201 . //U 

' P p rPP2203/5/7 1 

S r rPP99O9/oCPP2304 E i 



B pCPP2211 \ 
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^its of pHDU 1 "* n « Tnp ^ A ,f 9 t suggested that /.rpZ lay 
$5a«g eU »991; Xiao et al l^gg ^ e 

Sm'an operon. -^"g"^ used to determine the se- 
Further subclones of P^ U * (this stu dy. Huang et aU 

qucnce of the enure hrpZ*. ^Jence of (0 the 2 2- and 
1995V We also detuned the seq } d 

conserved in Wh'P^^S, of the DNA sequence, using £ 
Codon preference analyse ;« ^ hfpZ was lhc 

, py. *y™* ae codon T Z - .^inthe same direction, an ar- 
iSA * ^£££d at least the first 

rangement conserved in P. ^P nce of we noncod- 

four ORFs of R s. pv. i'^,^ * f me si* ORFs have 
tag DNA is shown in F «P»".^ P S ^ ^ fifth ORF has a 
clear potential riboso^ bmdmg ^ Tta the 
putadve ribosome b-"^^ ^ Ration codon shown 

S« in P s. pv. « «« «J the ORF in P. P* *f™ 

being selected by al,gnn^tw.*tne ^ „ 

gat . m the f^t five^RB U seems Itoly that to ,« 
downs tream of the first five fro m upstream of 

^"•SFirS c "SSToRF. were provisiona.ly 

1 2 3 4 5 6 7 



kD 

41.8 
30.6 

17.8 - 

mL were grown in LM to an Op« «° ?2s »H S.5. For l«*ej 3. $ 
p decuihoresU- ^"^^tTBcdU MA), probed 



of the hrpZ operons of *• "Jg JgJ ,6bp-CCACNNA 
lies 50 bp upstream of the imtt tuo »^ ^ 
P-^.^j^^tSli ^ et al. 1993: 

moler "fSn iS? 25 w«* i ° ** involved in 

Shen and ^"^^'ivT alternative sigma factor which 
regulation by HrpL, a pm*" , j^-g (Xiao and 

is itself positively regulated ^i^f alternative 
Hutcheson 1994). HrpL » » 0 f „. 

tracellular fac^n >n "JJJ^ of ^ promoter mouf 
(Lonetto et al. 1992). mc p f & sm . 

Ur supporu the *£ff h ° dependent 

g le ^^"^^i be fo Jnd beyond hrpE, upstream 
manner. This motif can also i oe ^ as mdi- 

of hrpFGH in P. s. pv. *ynng« and £££ ^ ^ 

cated 1 at the bottom of Figure ^ 3 sugges^ £ 
three ORFs form an independent /irp-regu»icu 
unit in these two pathovars. 

Comparison of th. HrpZ proUlns of the three 

p. syringe* pathovars. „ for HrpZ from each of 

Kt^^™™*^™"^*- Although the 
the three pathovars are ^^^f '^ m SD S polyacry- 
proteins migrate sh f^ ^°^e Estimated molecular 
Ude gel. the "^lu* . with HrpZ,. be- 

weights correspond to the pred cted fo „ owed by 

ing 8 the largest of the three ^ ^/f^^no-terminal 

05 T?ft Sidues of purified HrpZ^ 

sequencing of the first iu "J* irotia Uon codons of both 
and HrpZ*u confirmed ******* ™ M of HrpZfl , as 

proteins. ^Jfi* ?S££L expressed in .£. coU 
shown in Figures 3 and 4. The p from the super- 

in P. iyri«*« but not m E. col.. ^ ^ 

The amino acid sequence of ftp*, «• ^ ^ 

"SSL? J2JsJS^^j».%'r 

79% identity. rlmZ^ is tew consc d % identily t0 
other proteins, w.th 75* •™J n * 1 £ of HrpZ., and 
HrpZ^,. However, ^.Jp"^^-! forHrpZ^CHe 

^o^rrhS^I^ ^ tr- 
et al. 1993). All three are g>y c '™ »" t rich bejng 

ine and tyrosine. HrpZ,. is the n»st Jjj ^ ^ 

1S.7% glycine- The P ro^« 1 1-* ^JSJ.-*. Sec export 
ouence used «^JJ~^rf3S amino acid sequence 

in aqueous soluuon. a l. 1993). we 

in our previous analysis of HrpZ^ , tf« 

noK d the p^sence of jj-jof s£> the three 

one of these repeats l ^ {o( in the 

proteins, with the subsuwuor, of a senne t« of 

first repeat of both l^. and HrpZ^Th ^ ^ 
these repeats, if any. « "^^A^gorithm (Altschul et 
of the three proteins using the BUA» ai 8 
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syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 



— —r^^n a fcPZiTCTGGA ACCGATTCGC GGACACATGC CACCTAGCTG 
TTTTTTGCAG ^ATCTGGA £ GGGTCGTTAC CACTA . TCTG 

gSSS^ SgctS acStatcgc AGGCTGCTGC cactagtgag 

^rmrCJKA TTACGCTGGT ACAGACGAAS GGgTATGACG Tig 

i= ssss sssss m---- 

,- 1tan - «PTTTCrrG. ACGCCCCTTC 

- #Stttcttga atgcccccat 

hrpA ~336bp--- - ^gTTATTTCT GATTGCCCCC 

gSSSSo aooCCGOTC crossaias occTm| 

I020bp-- - "] 

hrpZ 1032bp-- - 

--1107bp 



syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae 
glycinea 
tomato 

syringae . 
glycinea 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 

syringae 
tomato 




CGACAA CCGCCTGACG GAGAACTCAC |||"- h™«" 

CCGCCTGACG gAGAACTCAC 
i^ACAG CCGCCTGACG G£GAACCAGT |fe 



--369bp--- 
--369bp--- 
--369bp--- 




SOlbp 

hrpC incomplete 

- 801bp--- 



GACCTGACCG CCGAGGACTA TTGGACTCAG 
J§§| AGCCTTTCTG CCGAGGATCA CTGGATTCAC 



nrrrrrGGCC ATGGGCGCAT CCGGGCTGGC AAAGCCGGTT 
ACCC^S GTGGGCACAT TCGGAGTGGC ATG AC CGATT 

r*nnmcrGC TGCGGACTGA CCGTCAGCGA ATGTGAAGCC CTT| 
CGTGGGTTAT CGGTCAGTGA CTGCGATGCG CTC* 



-hrpD--- --3 9€bp- 
396bp- 



3TAT. .CCGCTCCTC TCTGCACC£g §MTT^^C |||- 



ScCG AACCAGCTTC TCTGCATC&g G&&TACGCCC S^- 



syringae hrpE- 

tomato 



.- --576bp- 
--576bp- 



syringae 
tomato 

syringae 
tomato 



AACAGACT. . 
TACACACTCT 



C TTGCGGCGAA AATGGAACCG CTCCACCTGT 
CTGCACTCAC TTGATCGCAT GATOOAACCG CTCGGCGGGT 



ORftR rTTTGA ACCTTTCTGC TGGAGTATCA GGACATG 
£££££ SSSi ACcScTGC TGGAGCACCA GGACATG 



r. 3 N.deodde.eauer^oftheno^ 

VZZ^?JR£tt£ ' M * also indict wUh d^Sed «~ 
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terial proteins 4) . fhis stretch of 24 ammo 

gion found nly » nucleotide and amino acid 



solanaceanm, as shown at the bottom of Figure 4. There is 
Z overall similarity of the amino acid and nudeoude se- 
auences of HrpZ to the HR elicitors characterued from E. 
Zylovora, £ ch^anthemi. and P. solanaceorum except to a 
degree accounted for by their similar composition. 



HrpAPss ifHsl^lls S lTTi 



HrpAPst 



TrmnnnmsR i I milium i « 



KrpAPst IS 



tIsJ.LAGJL-E_D K K E A _L_S n! 



>iJliro ^SMlil«lH*miH^ 



K K 




HtpAPss [TV ASR 1 



95 
95 
100 



108 
108 
113 



pf§lM A L V L t R P ElT 



sras 



R P E| T 
U\_FfP VSLNSO 



ETTGI 
E T T GJ P 



V S A N T 



TT S S K A L Q E V VlV KfC~^EfTL\M R 

1 ? s irllA tliv iIaIq l a q e l tIh 



^^Sll^rJll: IHEKtGDHF OA || 
|E D l|ft| A A y ^LJ T THEKLGDNFGAS] 



HrpZPss [A Dj- 

HrpZPst [a[G IGAGGGGGGIGGAGSG 



r e L q C T G 6 ,0^ U T Q V L H C I A K S H l j 
S G V G G G L siHlM 



HrpZPss 
HrpZPsg 
HrpZPst 



HrpZPss 
HrpZPsg 
HrpZPst 



HrpZPss [? 
HrpZPsg [S 
HrpZPst - 



D L I T 
OUT 
DLL 



-IK Q D G U T 
-UQ D[5lG T 

p sg1egg_t 



sjTTXoTirp a flN 

R F S E 0 0 M P M L K 
TIF SIllD D K^PlTlUE 



K I A Q FHDDNPAQPPft nncr ttiVMELK 



TTd\ 

E D 
ED] 




TTaIaFf RSALOiiogg 

E T A Q FRSALDIIGQQLG1S 
E TAG 



PpgarnvTCQOL g|qI^ 



Q Q 
Q Q 



crnTTlfirri-Gl- - TlG G G L GUfPlSjsl ^111^ 

S%T?§[£iaD .rfo g g £ s 1 5 SI- 

GrsLAfsiGrv T - - -I c " " c L G s ? v Sl 



join- - 



?5lfII0ISiIiliiiiHliliiia 



Y G L q S V L A G G G L O T P 



HrpZPss pj 
HrpZPsg V 
HrpZPst iv|D Nl 



L iEATLQD 



HrpZPss IV Q S s a a y * A 
ttsg [VQS S0AQVA 
SrpZPst SlftfifiiAOVAl 




L L Q G T 
L L QdJT 

L L Q G__T 



R[N Q A A A - - - 
K[N O A A A| - - - 
NlNQfTMJA V A 



BrpK 
PopAl 



49 
50 

49 



99 
100 
99 



174 
175 
199 



222 
225 
244 



341 
345 

370 
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The predicted HrpA protein or P s. pv. tomato 
differs substantially from that of P s. pv. syringae 
and P. x. pv. glycinea. 

The first ORF of the hrpZ operon starts 50 bp downstream 
of the conserved hrp/avr promoter motif, as shown in Figure 
3 Hie predicted product is a small (11 kDa), hydrophihe 
protein with a hydrophobic N-terminus. An alignment of the 
amino acid sequences from all three pathovars is shown m 
Fijrure 4. Although the predicted sequences of HrpA from « 
s pv. syringae and R s. pv. glycinea are highly conserved 
with 92% similarity and 91% identity to each other, HrpA 
from R j. pv. tomato is quite divergent, having only 42% 
similarity and 28% identity to HrpA from R s. pv. syringae 
The presence of a ribosome binding site and the highly con- 
served character of HrpA in two of the three pathovars sup- 
ports the hypothesis that HrpA is translated. T7 polymerase- 
dependent expression of HrpA (described below) provides 
further evidence for production of a HrpA protein. Cell 
lysates of £. coli expressing only HrpA did not elicit the HR 
on tobacco (data not shown), which suggests that it does not 
contribute directly to the HR, "Hie role of HrpA in the bacte- 
rium is unknown, and it shows no significant homology to 
any previously characterized proteins. 

T7 expression studies. 

To confirm the production of proteins corresponding to the 
two sets of newly cloned hrpA and hrpZ genes, the Bg^Pstl 
fragments from P. s. pv. glycinea and R s. pv. tomato *ttt 
subcloned into pET21(+) and the products specifically la- 
belled by T7 promoter/polymerase-dependent expression in 
E coli BL21PE3) cells incubated with [ 35 S]-methiomne 
(Studier et al. 1990). Radiolabeled proteins in the cell lysate 
were analyzed by SDS-polyacrylamide gel electrophoresis 
and autoradiography (Fig. 5). Lysates of cells containing 
DCPP2211 displayed unique bands which corresponded well 
wTth the predicted molecular weight of HrpA (11.5 kDa) and 
were consistent with the previously observed mo tohty -o * 
HrpZ*. (Fig. 5, lane 2). Lysates of cells containing pCPF2210 
cTntZtd bands corresponding to HrpZ., (36 kDa) ^and HrpA 
(11 kDaXFig. 5, lane 3). No HrpB band was visible u the 
products of pCPP22t I (Fig. 5, lane 2). but this could poten- 
tially be attributed to the omission of cysteine, which is not 
required for HrpA and HrpZ synthesis, from the arnmo-acids 
added to the reaction mixture. T7 expression of HrpB was 
independently confirmed for both R s. pv. syringaenAR *. 
pv. tomato using a 0.844cb Pstl-Agel fragment of pWRl l and 
the 3,7-kb Sacl-EcoKI fragment from pCPP2209, subcloned 
into LITMUS 28 to construct the plasmids pCPP2303 and 
PCPP2304 T7 expression in £. coli BL21(DE3) cells was 
performed as outlined above and in Figure 5. In each case a 
protein of about 13 kDa was observed, which corresponds 
well with the predicted molecular weight of HrpB from each 
of the two pathovars (data not shown). In an accompanying 
study Huang et al. (1995) have confirmed the production of 
proteins corresponding to HrpC. HrpD. and HrpE from R s. 
pv syringae 61. The similarities between the three pathovars 
suggest that the equivalent ORFs in R s. pv. glycinea and R s. 
pv tomato also encode proteins. However when we inde- 
pendently confirmed the production of HrpD from * * P v ; 
syringae 61 using a 1.3-kb SaCl-Sacl subclone from pHIRU 
cloned into pT7-6 (pCPP2305) our results suggested the use 



of an alternative initiation codon to make a larger (21 kDa) 
HrpD protein (data not shown). In the absence of a strong ri- 
bosome binding site at either of the putative initiation cod ns, 
the exact size of HrpD remains uncertain. 

The four ORFs downstream of hrpZ show varying 
similarities to Yersinia Ysc proteins. 

The hrpC, hrpD, and hrpE genes downstream of hrpZ in R 
s. pv. syringae 61 have been sequenced and the products 
identified using T7 polymerase-dependent expression (Huang 
et al. 1995). Two of the predicted proteins, HrpC and HrpE, 
were shown to be homologous to the proteins YscJ and YscL. 
respectively, which are encoded in the WrC operon of Yersinia 
enterocolitica and are involved in the type ID secretion path- 
way (Michiels et al. 1991). Homologs of YscJ have also been 
found in the krp clusters of several other phytopathogenic 
bacteria, including R solanacearum and X. campestris 
(Fenselau et al. 1992; Gough et al. 1992). Additional ho- 
mologs are Salmonella typhimurium FliF and Rhizobium 
fredii NolT (Jones et al. 1989; Meinhardt et al. 1993). The 
same four downstream ORFs are found in R s. pv. tomato, 
and the partial sequence of the operon from R J. pv. glycinea 
confirms the presence of the first two of these ORFs, hrpB 
and hrpC. in this pathovar (Fig. 6). 

HrpB is fairly conserved in all three pathovars, as shown by 
the alignment presented in Figure 6. It encodes a small serine- 
rich protein of approximately 13 kDa. BLAST searches using 
HrpB from either R s. pv. syringae or R s. pv. glycinea iden- 
tified no significant homologies, but a search using HrpB 
from R s. pv. tomato identified similarity to the Yersinia pro- 
tein, Yscl. YscI is 115 amino acids long, thus slightly shorter 
than HrpB (127 amino acids), yscl lies immediately upstream 
of yscJ in the virC operon, which suggests that the down- 
stream ORFs of the hrpZ operon might be colinear with a re- 
gion of the virC operon. 



kD 

79.5 — 

45.0 — 

36.0 — 

26.9 — 
18.0 — 

7.7 — 



Fig. S. T7 polynierase-dependent cxpraiion ind radiolabelrag of HrpA. 
and HrpZ. T7 promoter/polymerue oipreuion wai earned oat u*.ng the 
pET21W vector »y«tem in £ cell BL21(DE3). Cell, were 
to an OD„ of 05. then centrifuge* and renupended >»M9 rmcunvU 
medium Elemented with 0.01% amino acid, (Uckmg 
cviteine) glucote and thiamine. Celb were incubated at 30 C for 3 n 
2d /£ iLced with 1 mM IPTG for 10 mi n. Ml"!**"^ 
with tifampicin at 300 ug/ml for 30 min. Cells were uieubated wuh 1 0 
la r»sS~lhionine foTlO min. lyied in SDS-loadmg buffo, and the 
«Jin, w7re aerated by SDS-po.yacrylonude elecw, P h««|s and 
viluauied by autoradiognphy. £ coli 8UKDE3) ceU. earned the fol- 
S>a,mid. in lane? l,pET2l(+); 1 pCPP22l I: 3. pCPP22l0. 
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ysc g««s led us to mspect the J « ^ R|tW(| 
L~.ro HfpD proteins te P«J e ££ * e ^ D of r 
spp. YscK proteins. THe fimitanj bet*J£ th e Wghest. with 

2»% of the am,no ac.ds JJJ^aAnJl composition, and 
and YscK proteins are of sinular over* However, 
,hey lack any predicted transmembrane segrn^ ^ 
S is a striking ong-Thereas YscK 

proteins. HrpD « only "J •^JnoJJjJ long . From the 
from K ^'^'"^'^f^^J^^it^mportant to note that in 



tiaiion codon of the hrpD ORF is uncertain; it is conceivable 
STa Actually initiates immediately downstream of HrpC 
at the ATG codon which overlaps the stop codon of HrpC. 
whteh woSd yield a predicted protein of 176 amin actds for 
H^zL or 175 amino acids for HrpZ,„ in an arrangement 
2£? "that of the yscJ and yscK ORFs in *mmajW. 
However this codon and all other potential initiation codons 
S S the one we have chosen lack ribosorne brnding 
STSte pattern of codon usage suggests that the inter- 

.nrf HmE/YscL are lower than those involving HrpC/YscJ, 
of^rpB/YscI and HrpE/YscL are clearly a, 



YscIYe 
YscIYp 
HrpBPss 
MrpBPsg 
HrpBPst 



KPN 
HPS 



A Q A 0 EfV 
A Q A 0 B V 

SHUHV 
S H L G N|V 
tUJs Q L S N L 



YscIYe 

YscIYp CHS 

HrpBPss GAP 

HrpBPsg IGJA 

HrpBPst A S 



HlLjS 



LKE 
S £ H 
S E H 
0 R 




E E L GfP] ' V 

EEL G|Pl - - - - * 
CQOV PQGLVS 

GQOVUJQGLVS 
CQNABQGUGS 



S|D 
SID 

XSAlSGCLGjE 
XSALSBBLGS 



eIk|l 



T FK T[BR S DfLjH T - 
SPITVISDLHT- 




M R 
H R 
D I 
D I 
D L 




VSVOHPH 
V S V D N P H 
S G T G D A L 
SGSGEAL 
SNTEDPC 



YscIYe 

YscIYp 
HrpBPss 
HrpBPsg T 
HrpBPst 



I R I T I 
I R I T I 
SQCSl 
SQCSL 
Q C 



QCS LlfljH 



E E 
E E 
T A 
T A 
A 



I A 
I A 
T T 
T T 
T T 



K 



T A G R M S 

T A G R M S 

V V S K T A 

V V S K T A 

V V S K S 



AlfljA 



H V 
N V 
A L 
A I 
L 



tJTIs 



K G G 
S K G G 
THLQ 
TNIQ 
TNLC 



115 
115 
124 
124 
127 



BSSHJiSiWil' 



Ysc J Ye 
YscJYp 
HrpCPas 
HrpCPst 




YscJYe 
YscJYp 
HrpCPss 
HrpCPst 



YscJYe 
YscJYp 
HrpCPss 
HrpCPst 



YscJYp VRQSS HIP ¥ 
HrpCPss FQETTQ J- V 
HrpCPst FQETTQW 



ILS1QVSEESKGRLIG 
TLSIQVSEESKGHLIG 
CP KLDSANLPFHNL 
F G p F K L 0 S T N L P F « N L 



Li 

L L 
M L 
H L 



SfulL 1 L L[L 
sIlIl I L L L 
whjv P A GIL 
H V A P V GlL 




WfLlC R 
W L Q R 

lilJr s 
l v a s 



YscJYe RR 

YscJYp CFAGRS RSTVPARA 
SSmc DWRASLLRRIGFGSRGRSTLPARA- gtyciMQ .**P. * pv. ram.ro. and HrpC. HrpD 



242 
242 
244 
245 



244 
244 
266 
269 
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dicative of probable homology as based on a difference be- 
£n the « res for the optimized and the average of 100 
Idem Gap alignments being a, leas. 5 urnes the sund«d 
deviation for the randomized alignments (Doohttle 1986> 
T?e scores for HrpD/YscK lie at the margin of sigmficance 
bTthis insure. However, the varying levels of similarity are 
ZSm with the divergence observed between HrpP«°te,™ 
from different P. syringae pathovan ^ ^een Jsc Pro^ 
teins from different Yersinia spp. The results for HrpB.C and 
E lend support to the weak homology of HrpD to YscK and 
ISL tmhrpB, hrpC, HrpD. and hrpE are colinear with 
yscl. yscJ f yscK, and yscL. 



In a recent report. Van Gijsegem el al. (1995) observe that 
the P. solanacearum G MI 1000 hrp cluster also encodes ho- 
mologs of YscJ and YscL but not YscI and YscK. It is possi- 
ble that with relatively divergent Hrp sequences, similarities 
with Ysc proteins may be found only after examining the se- 
quences from several plant pathogens. It is interesting to note 
that there is no ORF following hrpE that is homologous to the 
protein encoded by the final gene of the virC operon, YscM. 
However, the hrpZ operon lies immediately upstream of the 
hrpH operon (Fig. I), and HrpH is a homolog of YscC, a se- 
cretion protein which lies upstream of ysclJKL within the 
virC operon (Michiels et al. 1991). This suggests that a sig- 
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nificant properties of the 

to. Kins pIMM*"- " ■» »■ »3 * (v* 

fcrpZ operons are summarized in Table 1. 

Owwpmsion, purification, and biological assay 

of HrpZ*, «* d HrpZ*r ,. HrpZ,„ and 

„ E umA and a fus on protein of HrpB were oeing 
«TPP7202 and 809 bp in A/pZp* pCPFZ^uj; . . V 1C 



P. I. pv. gfycinta 
P. J. pv. tomato 
Y. tnttrocoUHeo 



factors. The first possibility was the presence of a cM-acttng 
sequence contained in the 100 bp remaining upstream of 
top** Using a terminator analysis program we identified l a 
9-bp inverted repeat located between hrpA and hrpZ (Fig. 3). 
Although this repeat lacks the AT-rich sequence d wnstream 
which is characteristic of many terminators, it is possible that 
its presence encourages premature transcription termination. 
Similar repeats, albeit with weaker secondary structure, can 
bTfound upstream of hrpT^ and hrpZ*,. A second factor 
contributing specifically to the low expression of fcrpZ*. may 
be the absence of a strong ribosome binding site. Finally, 
were could be factors related to the proteins themselves, such 
as a lack of stability. 

To eliminate possible cir-acting sequences and to obtain 
clones of hrpZ* and hrpZ, v that lack f 
hrpZ genes from both pathovars were amplified by PCR. di- 
rectionaUy cloned into pBluescript O and transformed into E. 
mli DHSot F'Jocr. We obtained significanUy increased ex- 
cession of Housing the plasmid pCPP2255 (HgJ) _but 
unexpectedly, overexpression of HrpZ^ appeared to be dele- 
STto d» cells, and plasmids recovered from transfor- 
mants often showed rearrangements. To maxirmw expression 
of HrpZ*, under these conditions we introduced subclones 
conuininl the gene behind the T7 promoter of pBT21W 
(Novagen Madison. Wl). Unlike the lac promoter, the T7 
promoter is less sensitive to distance effects, and expression 
552. in E. coli BL21(DE3). with pBT2l W as the v«to, 
result Tn increased expression as shown in Figure. 2 «nd8. 
Expression in BL2l(DE3) also allowed us to , reUin almo* 
complete repression of ArpZuntil indu^on w.th f^G- Good 
expression of HrpZ,„ was achieved using the plasrmd 
nCPP22l 1 in E coli BL21(DE3). 

The quality of the samples obtained following partial puri- 
fication of the lysates by heal treatment was quite vanaMe. To 
ensure removal of the majority of the contaminating proteins 
and to obtain a more concentrated sample of protein, we fur- 
ther purified HrpZ by ammonium sulphate P^piuaon and 
hydrophobic chromatography, which as indicated in figure 8. 
yielded a distinct band on a Coornassie-stained gel. ftarted. 
active HrpZ could then be obtained by electroelution from 
xc sed gel slices. This procedure was also used to isolate 




JT. puudotubtrculosis 



(115) 
22/45* 
24/45 
(U5) 
22/45 
21/44 



35/59 
38/60 
(244) 
35/59 
38/60 



26/53 
22/48 
(209) 
28/57 
23/49 



21/47 
22/46 
(221) 
21/47 
22/46 



' Huh?) 'p^wwMw™ m Pere "^ Tier* potential ORB encoding hrpD. The larger versions of the HrpD proleini of P. t. pv. syringae and 
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HrpZ from the supernaunts of R s. pv. /omaw and R s. pv 
glycinea grown in A/p-inducing minimal media (Fig. 9). 
Preparations of the purified HrpZ proteins from R s. pvs. sy- 
ringac, glycinea, and tomato, at a concentration of 220 fiM in 
MES buffer, were infiltrated into the leaves of tobacco, soy- 
bean, and tomato. The three proteins elicited a collapse in- 
volving >50% of the infiltrated tissue in tobacco and tomato 
leaves that developed within 18 h and was typical of the HR 
elicited by incompatible R syringae strains, but they caused 
no visible reaction in soybean. It is worth noting that tobacco 
and t mato plants vary substantially in their sensitivity to 
harpin preparations. For example, some leaves on sensitive 
tomato plants will respond to 2 to 5 nM HrpZ,*. but 220 *iM 
is required for consistent results. Furthermore, unuVe tobacco, 
tomato plants that have responded hypersensidvely to a HrpZ 
preparation do not respond to subsequent infiltrations of the 
ltcttor. The spurious necroses sometimes observed were de- 
duced to result from mechanical damage incurred during infil- 
tration or the infiltration of preparations contaminated with 
salts or containing high concentrations of vector control £. 
coli lysates. These necroses developed much more quickly 
(within 4 to 6 h), and were much weaker and patchier than the 
confluent HR elicited by HrpZ. The fact that the HR induced 
by HrpZ in tomato and tobacco is an active response of host 
tissue was confirmed by coinfiltration of either sodium va- 
nadate at 3-' x l(r J M or lanthanum chloride at 1 x 10 M. 
Bach of these two inhibitors of plant metabolism completely 
inhibited the HR elicited by HrpZ preparations from each of 
the three pathovars but not the necrosis caused by the other 
factors mentioned. 

DISCUSSION 

We have used the R s. pv. syringae 61 HrpZ gene to isolate 
the hrpZ locus from R s. pv. glycinea race 4 and R s. pv. to- 
mato DC3000. Characterization of the hrpZ genes, products, 
and flanking DNA of these three pathovars has revealed the 
structure of the HrpZ operon, the relative variation among 

kD 1 2 



ORFs within the operon, the presence of genes downstream 
of : hrpZ that are colinear with a block of genes involved with 
Yersinia virulence protein secretion, and the presence in 
HrpZpjt of a sequence related to a sequence in the Pop A I 
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Fig. 8. Overexpreuion and purification of HrpZr*. Cultures were grown 
to an ODtfo of 0.6 and induced with t oiM IPTG. HrpZr* wis then par- 
tially purified from the cell lysate in a three-step process: first, by heat- 
treatment at 100*C oi previously described, then by precipitation with 
ammonium sulphate at 30 to 45% saturation, and finally by binding to a 
hydrophobic resin (phenyl-sepharose) at 30% ammonium sulphate. A, 
Coomassie stained SDS-polyacrytamide geL Lanes: 1, E. coli 
BL2 1 (DE3XpET2 1 +•); 2. E. coli BL21(DE3XpCPP221 1). B f Im- 
munoblot of the samples shown in A, probed with anri-HrpZpu antibod- 
ies and visualized with goat anti-rabbit antibody conjugated with alka- 
line phosphatase. 
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Fig. 7. Overexpression of HrpZ*, in £ coli DH5a F'tacfi. Cultures 
were grown overnight at 30*C in LM with I mM IPTG. Cell lysates 
were partially purified by heat treatment, separated on an SDS- 
polyacrylamide gel. transferred to Immobilon-P. immunoblotted with 
amVHrpZfn antibodies, and visualized with goat anti-rabbit antibody 
conjugated with alkaline phosphatase. Lanes: I, £. coli DH5a T'tacfi 
(pCPP2255); 2 £ colt DH5a riaefi (pBluescript (J). 
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30.6 — 

Fig. 9. Purification of HrpZn, from Asp-induced Pseudomonas syringat 
pv. tomato. Cells were grown in King's broth (KB) at 30«C and then 
resuspended in nrp-inducing minimal medium (Huynb et al. 1989) and 
incubated at room temperature overnight. Cells were removed by cen- 
crirugation and the supernatant heat-treated at 100*C for 10 min. Pro- 
teins in the supernatant were precipitated with ammonium suiphate at 
the percent saturations indicated. Proteins were desalted, concentrated, 
and resuspended in 5 mM MES using Centricon-10 tubes (Amicon). A ( 
Coomassie stained SDS- poly aery lomide gel. Lanes: I. supernatant ex- 
tracted with Strataclean resin (Stratagene); 2, heat-treated supernatant 
extracted with Strataclean resin (Stratagene); 3, 0 to 20* ammonium 
sulphate fraction; 4, 20 to 30% ammonium sulphate; 5. 30 to 40% am- 
monium sulphate; 6, 30 to 45% ammonium sulphate. B, Immunoblot of 
the samples shown in A, probed with anti-HrpZ*, antibodies and visual- 
ized with goat anti-rabbit antibody conjugated with alkaline phosphatase. 
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protein f the tomato ^l±^ C J7rJT^- 
We also observed that punfied J^.,^ necros i 5 in 
tive a, HrpZi« and H^.."« ^"^"ScMOO. 

^jist ^^*r si8nificant 

IS in soybean, the host of R s. pv. glyc^a. 
■I^TZZ anfvS M Telicitors characterized from 

dvdne-rich and devoid of cystine and tyrosine 
£ tfiSSL b a feature they differentially sh «■ jjh 
*Ti «/«w««r«« PopAl protein but not the Erwuua 

SdlC may occVin plant cd.-. ? during defense re- 

S2C aS I^Al corresponds exactly to the » 

oSncts that are otherwise similar among the three HrpZ 
Sns suggests horizontal transfer and a common ancestry 
KTodAI Because the host range of P. solanacearum 
P £ h ihatof P s pv tomato, it is tempting to specu- 

caSVf^ parent plasticity of stn.cture/funcUon rriauon- 
glycine-rich eUcitot proteins. That apuS™* 
2m tt^he wcture of these proteins does not abohsh 
me?Sty^«viously demonstrated when a fortmtous 
JSlT ctone was found to produce an active derivative of 
&missTne toN-terminal 125 amino acids, and the popA 
X-^?s-ed to be degraded in culture*- «J 
form missing the N-terminal 93 ammo acids 
AH.t m 9 l 1994) Clearly the presence of this adaiuona 
Ji" a stiuSdoes no? diminish the ability of *e protein 
imcmai ~i although it is difficult to make a 

^££™^ mzJ™y -ally be a slightly 

■ESS tra^HiKm me other HrpZ 
p^K'SSwi!*- • £. coli cells i*- - J* 
n««edand is possibly more unstable, making it difficult to 
S iSe amounts "of the protein. Since the glycme-nch 
Son is «e most obvious difference between HrpZ*, and 
3S." to possible mat it contributes to this phenomenon. 



We were able to overcome this problem experimentally by 
■S^TSlB P^oter/polymerase system, but 

"em obtained quite the same level of expression we achieved 
with HrpZ,„and HrpZ*,. However. *ere remains the obvious 
question of how HrpZ toxicity is avoided by P. s. pv. tomato. 
One possibility would be that HrpZ is never expressed at lev- 
els high enough to affect the bacterium, even when it is in- 
duced in planta. Some indirect evidence for this hypothesis is 
provided by our examination of the DNA upstream of hrpZ^. 
The ORF has a weak ribosome binding siteT and we also ob- 
served that expression of cloned hrpZ from the lac promoter 
appears to be attenuated by the presence of cw-acting up- 
stream sequences. A 9-bp GC-rich repeat upstream of hrpZ 
may be significant in this regard. Preliminary data from 
northern blotting experiments also indicate that premature 
transcription termination may take place when hn>A-hrpZ 
clones are expressed in E coli (G. Preston, unpublished). A 
second possibility is that the location of the hrpZ gene in an 
operon with secretion genes ensures tight coupling of syn- 
thesis and secretion. Genes encoding extracellular proteins 
and secretion pathway components are often coregulated. but 
with a few exceptions involving the type I pathway, they do 
Zi lie within the same operon (Fath and Kolter 1993) A 
third possibility is that P. s. pv. tomato is more tolerant of 
high levels of HrpZ than is £. coli. or it possesses a means of 
keeping HrpZ in a nontoxic form while it is in the cell. 

Further comparison with the Yersinia virulence system pre- 
sents an intriguing possibility in this regard. It has been 
shown that secretion of certain "Yops" (the Yersinia patho- 
genicity determinants), involves chaperone proteins, small 
hydrophilic proteins which help keep the Yop protem in a 
translocation competent form and help target it for secretion 
(Wattiau et al. 1994). The genes encoding each chaperone are 
located adjacent to the gene encoding the corresponding Yop. 
Given the presence of several small ORFs of undetermined 
function in the pHIRl 1 hrp cluster, it is tempting to speculate 
that one of them, particularly hrpA. might encode a protein 
with chaperone function. There is a superficial 
between HrpA and Yersinia chaperones such as SycE. Ttiey 
are all small, hydrophilic. cytoplasmic proteins which lacK a 
signal sequence, but there are no specific homologies. We are 
now constructing nonpolar mutations to test the role of HrpA 
in secretion. Preliminary results suggest that HrpA is not re- 
quired for E. coli MC4100(pHIRl 1) to elicit an HR or secrete 
HrpZ (J. R. Alfano. unpublished), but in chaperone-mediated 
systems limited secretion of a protein will usually occur even 
in the absence of its chaperone. so it may be necessary to look 
quantitatively at secretion and accumulation of HrpZ to assess 
whether mutations in hrpA or other hrp genes have an effect. 

The coUnear relationship between several 

hrp andyse genes. .... ,w„ ,k. 

From the sequence of the hrpZ operon it is clear that the 
parallels with the Yersinia type HI secretion pathway extend 
beyond homologies of individual genes. The four genes 
downstream of hrpZ. hrpB-E, appear to be arranged co ine- 
arty with the region of the virC secretion operon from 
Yersinia that encodes Yscl-L. The virC operon is a large op- 
eron containing 13 genes, yscA-yscM. several of which have 
been demonstrated to have a role in Yop secreuon (MichieU 
et al 1991). Of the four Yersinia genes with putative no- 
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mologs in the hrpZ operon. only yscJ and yscL are known to 
ETve a role in section. An accompanying paper shows that 
five more hrp genes, downstream of the hrpH operon. are 
colinear with the yscQ-U genes in the virB operon of Yersmta 

(H ItTp 8 pelrs'thIt 9 ?significant proportion of the type III secre- 
tion pathway described in Yersinia can be identified in P. sy- 
ringae. and it seems likely that increasing parallels between 
the two systems will be found. In both systems the secreted 
proteins are involved with early events in the interaction with 
die host, and expression of secretion genes and virulence 
proteins is tightly coregulated. The secretion pathway seems 
tt> function in a similar way. as in both cases secreted proteins 
lack an N-terminal signal peptide and are not posttransla- 
tionally processed. 

HrpZ and host specificity. 

The function of HrpZ in compatible interactions is unclear. 
A likely role is the release of nutrients to the apoplast. Atkin- 
son and Baker (1987a. 1987b) have proposed that the alka- 
linization of the apoplast caused by Hrp- bacteria (winch oc- 
curs at a slower rate in compatible interactions) results in the 
leakage of sucrose and other nutrients to support bacterid 
erowth. One of the key unanswered questions regarding me r. 
syringae HrpZ proteins is their role in host specifi city. < Com- 
patible interactions leading to disease are distin^isr^ by the 
absence of the HR. Host-differential elicitor activity would be 
onfX to reconcile the production of HR-eliciting proteins 
by P. syringae and the phenomenon of host-specifrc com- 
patibility. The failure of the PopAl protein toj shcit the HR m 
tomato/a host of P. solanacearum GMI 000. supports tius 
concept (Arlat et al. 1994). Similarly, the .solated P. pv. sy- 
ringae 61 HrpZ protein fails to elicit the HR in bean, al- 
SS Oie sijuficance of this is 

bean leaves appear insensitive to any .ha*™ (He et al ^1993). 
To further explore this question, we infiltrated all three HrpZ 
proteins into the leaves of the host plants for each of «.e 
Jathovars. The host plants of P. s. pv. synngae 61. and <R 
Jv. glycinea. bean and soybean, respectively are uniformly 
uiwactive to HrpZ from both compatible and incompatible 
pathogens, however, tomato leaves proved to be highly sensi- 
tive to all three HrpZ proteins. Thus, our data argue against 
the hypothesis that host-differential activity of HrpZ proteins 
controls the host specificity of P. syringae P«*°™«- 

If isolated HrpZ*, elicits the HR in tomato, why does Rs. 
pv. tomato not elicit the HR during pathogenesis? One pos- 
sibility is that the response of tomato to HrpZ*, , is quanta- 
lively different than the response to HrpZ*, and HrpZ*, de- 
spite manifestation of the same gross morphology. THai t is , the 
necrosis elicited by HrpZ*, is fundamentally different than 
the HR and does not involve associated defenses that stop the 
pathogen. We are now testing this possibility with probes for 
HR-specific transcripts. A second possibility is that HrpZ*, 
production is regulated in a host-specific manner. However. 
krpZ is clearly part of the Hrp regulon: hrpZ expression ,s 
transcriptionally linked with genes encoding components of 
the secretion pathway, the hrpZ operons .n all three of these P. 
syringae pathovars have virtually the same hrp/avr promoter 
sequence, and expression of the hrpZ operon is likely re- 
quired for pathogenicity. The conserved promoter sequences 
suggests that the hrpZ operon is regulated in P. s. pv. g/yc««fl 



and P. s. pv. tomato by (he same nutritional conditions and 
HrpR. HrpS, HrpL regulatory cascade described for P. s. pv. 
syringae and P. s. pv. phaseolicola (Grimm and Panopoulos 
1989; Rahme et al. 1992; Xiao et aL 1992; Xiao et aL 1994; 
Xiao and Hutcheson 1994; Grimm et al. 199S). Whether dif- 
ferential expression of the Hrp regulon controls host specific- 
ity awaits determination. A third possibility is that the P. sy- 
ringae pathovars produce host-specific suppressors of defense 
responses. This is supported by the observation that com- 
patible pathogens do not trigger defense responses in host 
plants that are elicited by nonpathogens (Jakobek et aL 1993). 

It is important to note that our data do not eliminate the 
possibility that the three HrpZ proteins actually have differ- 
ential activity in host plants when delivered by living bacteria 
and that the HR observed may be an abnormal response re- 
sulting from the presentation of a high concentration of HrpZ 
in an artificial manner. In that regard, it is interesting that leg- 
umes, which appear insensitive to isolated harpins, respond to 
Hrp recombinant E. coli cells that secrete the same proteins 
(He et al. 1993). Experiments in which the hrpZ genes of P. 
syringae pathovars are switched or altered in their patterns of 
deployment should test more definitively the role of HrpZ in 
determining host specificity. 

In conclusion, we have characterized an operon containing 
two components of the Hrp* system of P. syringae-* block 
of secretion-related genes that are conserved in eukaryotic 
pathogens in the genera Pseudomonas, Xanthononas, Er- 
winia, Yersina, Shigella, and Salmonella and a gene encoding 
an elicitor that is unique to plant pathogens. The elicitors 
found in the P. syringae pathovars are a subfamily of a larger 
class that appears to be characteristic of plant pathogens, and 
which we postulate to have a role in releasing nutrients for 
bacterial utilization. Our challenge now is to determine how 
the various components of the Hrp system have been adapted 
to serve plant parasitism in the face of plant defenses. 

MATERIALS AND METHODS 

Bacterial strains and plasmids. 

Bacteria and plasmids used in this study arc shown in Table Z 
Pseudo monads were routinely grown in King's B broth (King 
et al. 1954) at 30°C, but for.certain experiments the hrp- 
derepressing niinimal medium of Huynh et aL (1989). adjusted 
to pH 5.5. was used. E. eoli was grown in LM (Sambrook et al. 
1989) or terrific broth (lartof and Hobbs 1987). Plasmids were 
introduced into bacteria by transformation (Sambrook et aL 
1989) or electroporation (Gene Pulser, Bio-Rad). 

Plant materials. . 

The plants used in this study were tobacco (Ntcottana 
tabacum L. 'Xanthii'). tomato (Lycopersicon esculentum 
Mill. •Moneymaker'), and soybean (Glycine max ^ 
Harosoy'). Plants were grown in a greenhouse or growth 
chamber at 23° to 25°C wilh a photoperiod of 16 to 24 h. In- 
filtration of plant leaves with HrpZ preparations was per- 
formed with blunt syringes as described (Huang et al. 1988). 

DNA analysis and sequencing. , , 

All DNA manipulations, except where specified, followed 
standard protocols (Ausubel et aL 1987; Sambrook et al. 
1989). The hrpZ region of pHIRll was subcloned into 
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series of overlapping "«^fXiones using Eme-a-Base 

(Promega, *«"*"*^^JL sequence version 2.0 (U.S. 
ooublc-stranded emplatw^g «fl revcrse M 13 

Biochemicals. Cleveland. OW^rorwaro 

overlap the Ml S ^ B 3?S- ^ds£uenced 
^ '2 S^SSSS" ^ Cornell Biotech- 
"V* Pmmm DNA sequercing ftciHty and specific pnm- 
nology ° m^Nudeoude and derived amino acid 

« synthesized ™ ^ ^ 

JoTSthe BLAST program (Altschul ct al. 1990). 

PGR ampUBction of hrpZ from P. s. pv. glydnta 

mi P.*. pv. tomato- wmaW 



nTPP2203 respectively. Reactions were performed using the 
PCR Optimizer kit (Invitrogen, San Diego. CA) acc rdmg to 
me manufacturer's instructions. Reactions were overlaid with 
mineral oil and incubated in a Hybaid Thermal Reactor 
(Hybaid. Teddington. U.K.) using these cycle parameters: 2 
min at 94'C. followed by 30 cycles of 1 min at 94 C. 2 min 
at 55*C. 3 min at 72'C. followed by a final incubation of 7 
min at 72'C. The primers used for hrpZf, t were 5 - 
TACGGGATCCTTTGAGGAGGTTGTOATG-3 and 5 - 
TACGCTGCAGTATC AGTCAGOCAGCAGC-3'. and those 
far hrnl*. were 5 -TACGGG ATCCATGCAAGCACTTA 
SaGcJ' and S ^GGAACTGCAGC AAGCTCCGGCGAt 
TACAC-3'. All primers were synthesized by Integrated DNA 
Technologies. Inc. (Coralville. IA). . »^ *ere design ed wm- 
ttoduceaBomHIandaPrtlsiteattheS and 3 ends, respec- 

^t£TS£W»- - 

amplified in ail reaction buffers tested. The hrpZ** fragment 
from PCPP2203 was successfully amplified using t«cUon 
buffer B (reaction concentration 60 mM Tns-HCU 15 mM 
qSmoI 2 mM Mgd* P H 8.5). PCR products of the ex- 
SSs of 1.0 and 1.2 kb were purified from an agarose 
2 digested with JM and taiHL cloned into pB ^pt II 
£ then transformed into £ coli DH5a Ffacl. yielding 
^mTpCPP2255 carrying krpZ^. Plasmids containing 



Tible a. Bacterial strains an d olasmias used in this study 
Relevant characteristics* 



Reference or source 



Designation 

Escherichia cod 
DHSo 

DHSaFJac/ 8 

BL2KDE3) 
Pteudomonat synngae 
pv. syringae 6 1 
pv.glycinca race 4 
pv. tomato DC3000 
Plasmids 

pBtuescriptnSK(-) 
P UCP19 
pET2l(+) 
pT7-6 

LITMUS 28 

pHIRll 

pSYHlO 

pCPP2303 

pCPP2305 

pCPP2200 

pCPP2202 

pCPP2204 
pCPP2206 
pCPP22D8 
pCPP2210 
pCPP2255 
pCPP2201 
pCPP2203 

pCPP2205 
pCPP2207 
pCPP2209 
pCPP2304 
DCPP2211 



S u P BA4 o/«cUl69 <*80/o,ZAMl5) fcwflin «cAl eirfAl ^A96 AM reiM NaT 

F ^Al ^17 <fcW> <«>R <Hi-UupEA*X ^A96 ~/Al 
F ompT AirfBaCra* rV) ^ DE3 

Wild type 
Wild type 
Wild type,Rr/ 

Cloning vector, Amr/ 
pUC19 derivative, Amr/ 
T7 transcription vector, Amr/ 
T7 transcription vector; Amr/ 

S£^c£&* ' < **■ 61 *» c,U5ter 

3 6-kb Sacl-fcoRI /i»j>Z>»i lubelooe from PCfTOW) un P^*«^P 

PCR-wpUned ^ PfX" p v «■» DNA with ^ 

entalion with tetpect to . _ 

a/pCPP220J but with in revered » P <- 



Hanahan 1983; Ufe Technolo- 
gies, Inc. Grand Island, NY 
Ufe Technologies Inc. 

Novogen 



Baker et aL 1987 

C. ). Baker 

D. E. Cuppels 

Stratagene 
Schweiier 1991 
Novagen 

Tabor and Richardson 1988 
New England Biolabs 
Huang etat. 1988 
He it at. 1993 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 
This study 
This study 

This study 
This study 
This study 
This study 
This study 
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PCR-amplificd HrpZ,* were found to be unstable and ap- 
peared t promote cell lysis. 

HrpZ purification and analysis. 

HrpZ was purified from E. coti as previously described (He 
et al 1993) with the following modifications. Cells were 
lysed in either 5 mM 2.(N-morpholino) ethanesulfomc acid 
(MES), pH 5.5, or cell lysis buffer (50 mM Tris-HCI. 1 mM 
EDTA, 100 mM NaCI. pH 8.0). For some experiments the 
supernatant from heat-treated lysate was partially punfied af- 
ter sonicaiion by ammonium sulphate precipitation (25 to 
45% saturation), with desalting and concentration being per- 
formed with Centricon-10 tubes (Amicon). For experiments 
requiring highly purified HrpZ expressed m E coh 
BL21(DE3), the supernatant was further purified by binding 
to phenyl-sepharose (Sigma) in the presence of amnv)nium 
sulphate (>30% saturation) and elution with 5 mM MES, pH 
5 5 followed by electrophoresis through a native 15% poly- 
acr^lamide gel. The purified protein was fr0 ™ 
excised gel slices using an Elutrap apparatus (Schleicher & 
Schuell) or from crushed gel slices using a Micropure separa- 
tor (Amicon). Protein concentrations were determined using 
Bio-Rad protein assay solution. HrpZ was also punfied from 
heat-treated supernatants of R syringae grown in hrp- 
inducing medium (Huynh et al. 1989) by ammonium sulphate 
precipitation (25 to 45% saturation) and desalting/con- 
centration using Centricon-10 tubes. For infiltration into plant 
tissue, HrpZ preparations were diluted to various degrees with 
5mM MES, pH 5.5. The amino-terminal sequence analyses 
were performed at the Cornell Biotechnology Program Pro- 
tein Analysis Facility (HrpZ*,) and the University of Ken- 
tucky Macromolecule Structure Analysis Facility (HrpZ,*). 

17 expression and labeling or proteins in £. coll. 

Proteins encoded by the HrpZ operon were expressed in £ 
coll BL21(DE3) by using the pET21(+) T7 expression system 
(Novagen). Conditions for isopropyl-p-D-thiogalac- 
topyranoside (IPTG) induction of T7 RNA polymerase- 
dependent expression and labeling with L-p 5 S]methiomne 
were as described by Studier et al. (1990). After being la- 
beled, cells were collected b^ centrifugarion and then rcsus- 
pended and lysed in SDS-ioading buffer and the proteins re- 
solved on an SDS-polyacrylamide gel. Gels were stained, 
dried and exposed to Kodak X-ray film. 

Nucleotide sequence accession numbers. 

The nucleotide sequences reported in this paper have been 
deposited in GenBank under accession numbers L41861 CP 
syringae pv. tomato hrpA, HrpZ, hrpB, hrpC, hrpD. hrpB). 
L41862 (R syringae pv. glycinea hrpA, hrpZ, HrpB), L41863 
(R syringae pv. syringae hrpA), and U1864 (R syringae pv. 
syringae HrpB). 
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